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Abstract 
Local in-tube heat transfer coefficient and pressure drop data have been collected for 
R-22 and two potential replacements, R-134a and R-32/R-125, in both smooth and micro-fin 
tubes. The smooth tube data indicates that the heat transfer coefficient of R-32/R-125 is as 
much as 50% higher than that of R-22 for similar conditions, while the pressure drop is 30% 
less. R-134a generally shows a weaker performance than R-22 in terms of higher pressure 
drop while exhibiting similar heat transfer performance. The micro-fin tube data indicates 
that the most significant gains in heat transfer are realized at low mass fluxes were the micro-
fin tube seems to promote tube wall wetting. The study of return bend pressure drop 
indicates that the pressure drop due to return bends may be as much as 30% of the total 
pressure drop in a typical serpentine evaporator. A computer model has been developed and 
used to simulate the evaporator component in order to compare the three refrigerants. R-
32/R-125 outperforms R-22 in the simulation while R-134a shows the weakest performance. 
The computer model is also used to perform an optimization of evaporator tube length and 
diameter. A clear optimum is difficult to ascertain from the model, but the optimum tube 
length is clearly a strong function of pressure drop which increases very rapidly as the tube 
diameter is decreased. Therefore, a slight undersizing of the tube diameter requires a much 
longer tube, so a conservative design of oversizing the tube diameter is preferable. 
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Chapter 1 
Introduction 
With the elimination of all chlorinated refrigerants soon coming to pass, the search for 
new, suitable replacement fluids is a pressing matter. To the designer of refrigeration and air-
conditioning systems, the transition to new, ozone-safe working fluids poses many challenges. 
Moreover, this transition will potentially involve re-designing individual components as well as 
entire systems. To aid in a smooth transition to the new chlorine-free refrigerants, potential 
replacement fluids must be extensively tested and compared to the refrigerants they will be 
replacing. 
Material compatibility, system energy requirements and lubrication are just a few of the 
many obstacles facing designers as they begin to consider the replacement refrigerants. 
Although all of these are important considerations and pose major challenges, the present work 
will focus specifically on the in-tube heat transfer and pressure drop associated with 
replacement refrigerants in the evaporator component. Furthermore, the experimental test plan 
has been set up to mimic the operating conditions which are typical of stationary air-
conditioning and medium-sized refrigeration systems. 
Although there are numerous refrigerants in use which will soon be phased out, the 
fluids chosen for the present work are R-22 and two of its potential replacements. R-22 is the 
refrigerant which is commonly used in stationary air-conditioners and medium-sized 
commercial refrigerators. Based on previous investigations and industry suggestions, two 
potential replacement refrigerants have been selected for study: R-134a and R-32/R-125. R-
134a is a single component fluid which has already gained notoriety as being the replacement 
for R-12. R-32/R-125 is a near azeotropic mixture of 60% R-32 and 40% R-125 by mass. 
The physical properties of these three fluids are quite different, but it seems that the 
properties of R-22 generally fall in between that of the other two refrigerants. For example, R-
1 
32/R-125 is a rather high pressure fluid with Psat=140 psia at T=41 of and R-134a is a rather 
low pressure fluid with Psat=51 psia at T=41 oF. R-22 falls in between with Psat=85 psia at 
T=41 oF. Considering this rather consistent behavior of the physical properties between the 
three refrigerants, it is expected that the heat transfer and pressure drop will behave in a similar 
manner. 
As stated earlier, it is important to test the new refrigerants and compare them to the 
refrigerants which they will be replacing. In order to achieve this goal, experimental heat 
transfer and pressure drop data must be collected and analyzed. A test facility for just this 
purpose has already been constructed by Wattelet [1990]. This test apparatus is capable of 
measuring local in-tube heat transfer coefficients and pressure drop in horizontal tubes. The 
accuracy and repeatability of the test apparatus has been proven, and subsequent investigations 
by Panek [1992], Wattelet et al. [1991,1993], and Souza et al. [1993] have all shown that the 
data produced with this apparatus is consistent with that of other investigators. The goal of the 
present work was to use this test apparatus to gather experimental data and then draw specific 
conclusions about the two potential replacement refrigerants relative to R-22. It is hoped that 
the comparison and explanation of the different fluid behavior will provide insight into possible 
design obstacles which may be experienced during the transition to replacement refrigerants. 
Due to the continuous refinement and constant attention paid to the test apparatus, a 
large amount of data can be collected in a relatively short amount of time. Therefore, due to the 
large experimental data base which is available, only a portion of the most recent data is 
contained in the present work. The following will give a brief description of the data which 
will be covered. 
Local heat transfer coefficient and- pressure drop' data' have been collected for two 
different diameter smooth tubes and one micro-fin tube. The smooth tubes are commercially 
available copper tubes with inside diameters of 0.430 in and 0.305 in. The micro-fin tube is a 
Modine 3/8-inch nominal outside diameter tube with a maximum inside diameter of 0.350 in. 
Also included is a study of return bend pressure drop. Two different centerline diameter return 
2 
bends are considered: 3.00 in and 1.87 in. Furthennore, two different diameter smooth tubes, 
0.430 in and 0.315 in, are used to make the bends. All of the heat transfer and pressure drop 
data presented are at an average saturation temperature of 41°F. The return bend pressure drop 
experiments include data at 23 0, 41 ° and 59 oF. 
The large amount of experimental data will be presented primarily in the fonn of plots. 
The trends in the experimental data will be discussed and compared. Then the experimental 
data will be compared to several correlations from the literature both to give validity to the 
experimental data and also to help explain any discrepancies which may exist. Although this 
direct comparison of the experimental data will aid in understanding the differences between the 
refrigerants' behavior, a computer routine was also used to compare the refrigerants. The 
simulation used the correlations from the literature which most accurately represent the 
experimental data. Heat transfer, pressure drop in straight tubes, pressure drop in return bends 
and the enhanced tube have all been considered in the simulation. It is expected that by using 
the computer simulation, the pressure drop and heat transfer effects can be combined, and the 
overall evaporator performance can be examined 
The following briefly outlines what is contained in the individual chapters of this thesis. 
Chapter 2 presents a review of the literature which pertains directly to the present work. This 
includes correlations used for predicting local heat transfer coefficients, local pressure drop, 
return bend pressure drop and micro-fin tube behavior. The correlations by the various authors 
are presented along with a brief explanation of their work. Chapter 3 briefly describes the 
experimental apparatus and the techniques used to collect and reduce the data. Chapter 3 also 
highlights the recent modifications to the test apparatus and explains the reasons for the 
changes. Chapter 4 presents the experimental results for the heat transfer coefficient data, the 
pressure drop data, -the return bend pressure-drop data and the micro-fin tube data. The 
experimental data are discussed and compared in tenns of important trends and the resulting 
implications. A comparison of the refrigerants based on correlations from the literature is 
presented as well. Chapter 5 outlines the development of new correlations for return bend 
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pressure drop and for heat transfer and pressure drop in micro-fin tubes. Chapter 6 describes 
the computer simulation routine and presents the results of the simulation and optimization. 
Finally, Chapter 7 presents conclusions and recommendations for future work. 
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Chapter 2 
Literature Review 
Over the years, two-phase flow boiling inside horizontal tubes has been studied quite 
extensively. However, the complicating factors involved in two-phase flow make the use of 
purely theoretical models quite unattractive. Therefore, the use of empirical correlations for 
predicting both the heat transfer coefficient and pressure drop seem to be the method of choice. 
Numerous correlations are available in the literature. These correlations can be grouped into 
two general categories: those developed as generalized correlations and those developed for a 
specific fluid or a class of similar fluids. Although generalized correlations are attractive in that 
they allow the prediction of the behavior of any fluid, fluid specific correlations tend to predict 
the behavior of a fluid more accurately which is important in sound component and system 
design. 
The following literature review examines four heat transfer coefficient correlations. 
Two of the correlations have been developed specifically for refrigerants and two of the 
correlations have been developed from a large data base as generalized correlations. Three 
different correlations used to predict local pressure drop are be examined. Two of these 
correlations have been developed specifically for refrigerants and one of them has been 
developed as a generalized correlation. In the case of heat transfer and pressure drop, the 
correlations presented in this literature review were chosen specifically to show the authors 
different perspectives on two-phase flow. 
The two-phase pressure drop associated with 1800 return bends is a significantly less 
studied phenomenon compared to straight tube·pressure,drop.· Only two correlations from the 
literature were found which relate directly to the present study. Both of these correlation were 
developed for refrigerants. The pressure drop and heat transfer characteristics associated with 
the micro-fin tube are addressed separately, and two works from the literature serve as a basis 
of comparison. Both of the works dealing with micro-fin tubes used refrigerants as test fluids. 
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2.1 Flow Regime 
In a flow boiling situation changing from saturated liquid to saturated vapor, numerous 
flow regimes are encountered. Many authors have tried to classify them, and many different 
names have been applied. In a typical evaporator, there are primarily five flow regimes 
depending upon the mass flux and quality. At low mass fluxes and qualities 
(0<75 klbm/ft2-hr and x<20%), the flow is typically stratified. In this flow regime, the vapor 
and liquid are moving at low velocities, and as a result, the liquid-vapor interface is relatively 
free of undulations or waves. As the quality is increased, the vapor velocity increases, and this 
results in a sharper velocity gradient at the interface which results in the formation of waves. 
This flow regime is generally referred to as a wavy or wavy-stratified flow. As the quality is 
increased further, the waves begin to get bigger and begin to wet the upper surface of the tube. 
This is referred to as a semi-annular flow. As the quality is increased further, the vapor 
velocity is such that it forces the liquid out to the tube wall, and the tube wall is covered with a 
fairly even film of liquid. This is referred to as the annular flow regime. Finally, the annular 
layer thins out and the tube wall becomes essentially dry. All that remains is a droplet laden 
vapor core flowing down the center of the tube. This is referred to as mist flow. After the mist 
flow regime, dry out occurs wherein all of the liquid has been vaporized. Figure 2.1 
schematically shows the five basic flow regimes just described. 
The flow regime influences the heat transfer as well as the pressure drop in two-phase 
flow. When a fluid is evaporating inside of a tube, the heat which is applied at the outside of 
the tube must be transferred to the fluid where the heat will cause a phase change to take place. 
One important aspect to consider when looking at the flow regime influence on evaporation is 
the ability of .theheat to reach the liquid. ,Typically, the conductivity of the liquid is 
approximately ten times larger than the vapor. Therefore, if the tube is in contact with vapor, 
heat transfer will be hindered. The majority of the heat transfer occurs where the tube wall is in 
contact with liquid. This indicates that the annular flow regime will have the highest heat 
transfer coefficient. 
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Since the frictional pressure drop is closely tied to the velocity of the flow, higher 
qualities, which result in higher vapor velocities, yield higher pressure drops. Therefore, the 
lower quality regimes of stratified and wavy-stratified flow give the lowest pressure drop. It is 
this tradeoff between pressure drop and heat transfer which will be exploited in the 
optimization portion of this investigation. 
2.2 Heat Transfer 
Early investigators of two-phase flow proposed the idea that the heat transfer 
mechanism in two-phase flow is similar to that of single-phase flow [Chaddock and Noerager, 
1967]. For this reason, the two-phase heat transfer coefficient (HTC) is commonly correlated 
as a dimensionless ratio of the two-phase HTC to a single-phase HTC. Because there is 
obviously both liquid and vapor in a two-phase flow, it becomes necessary to decide which of 
the phases to base the single-phase HTC on. Because most of the heat transfer in a two-phase 
flow can be attributed to the liquid portion of the flow, it seems reasonable to use the liquid 
flow as the basis. Therefore, in the literature, the two-phase HTC is typically normalized with 
the single-phase HTC given by the Dittus-Boelter equation as 
hi = 0.023 k, G(l- x)d cp,tJ-, ( JO.8( JO.4 
d tJ-, k, 
(2.1) 
where the (I-x) term in the Reynolds number accounts for the liquid portion of the flow. 
It has also been determined that heat transfer in a flowing medium takes place through 
two different mechanisms. The first of these mechanisms is convective boiling where heat 
transfer takes place through the evaporation of the liquid at the liquid-vapor interface. The 
second mechanism is nucleate boiling where heat transfer is the result of bubble nucleation and 
growth at the tube wall. Although all investigators realize and acknowledge that these are the 
mechanisms through which heat transfer takes place, it is their treatment of the two 
mechanisms which makes each of their correlations different. 
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Shah [1976] proposed a generalized two-phase heat transfer coefficient correlation 
based on data from 19 independent investigators using 8 different fluids with widely varying 
properties. Shah's correlation uses four different dimensionless parameters to characterize the 
flow. His correlation uses the convection number (Co), the boiling number (Bo), the Froude 
number (FrI), and the two-phase to single-phase HTC ratio (VI) which are defined as follows: 
(2.2a) 
(2.2b) 
(2.2c) 
(2.2d) 
In order to account for simultaneous nucleate and convective boiling heat transfer, Shah 
defined four distinct flow regimes for his correlation. They are the bubble suppression regime, 
the pure convection regime, the pure nucleate boiling regime, and the convective boiling with 
partly dry surface regime. In each of the four regimes, two different heat transfer coefficients 
are calculated depending on the convection number. The two-phase heat transfer coefficient is 
then considered to be the larger of the two values calculated in that regime. 
At a high convection number the heat transfer is dominated by nucleate boiling and the 
heat transfer is a function of only the boiling number. As the convection number is decreased 
to approximately 1, nucleate boiling becomes suppressed and there is simultaneous nucleate 
and convective boiling. This is referred to as the bubble suppression regime. Finally, 
nucleate boiling- becomes completely suppressed, and-the heat transfer is dominated by 
convective boiling. The fourth regime arises from the fact that at low flow rates, in a horizontal 
tube, the tube wall will not remain completely wet due to stratification, and this phenomenon is 
referred to as the convective boiling with partly dry surface regime. 
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Although Shah does recognize that both nucleate and convective boiling can occur 
simultaneously (bubble suppression regime), the form of his correlation does not show the 
simultaneous behavior quite as clearly as others. It would seem that if the two mechanisms are 
occurring simultaneously, perhaps they are additive in nature. This is precisely what Chen 
[1966] and many other investigators seem to think. They hold that an additive model is the 
proper form for correlating the two-phase heat transfer. 
Following Shah, Kandlikar [1990] developed a generalized correlation using an 
additive form for the nucleate and convective boiling as follows: 
(2.3) 
The fIrst term in the correlation takes into account the convective heat transfer and the second 
term takes into account the nucleate boiling heat transfer. Kandlikar found that the 
experimental data could not be predicted with just a boiling number in the nucleate boiling term; 
therefore, he introduced a fluid specifIc parameter, Ffl, to take into account the complicated 
phenomena of nucleate boiling of different fluids. The values of Ffl used to predicted the 
experimental data are given in Table 2.1. The fluid specifIc parameters for R-22 and R-134a 
were taken from Eckels and Pate[1990], and the value for R-32/R-125 was determined from 
the experimental data. 
Table 2.1 
Fluid SpecifIc Parameter for Kandlikar Correlation 
Refrigerant Ffl 
R-22 2.2 
R-134a 1.63 
R-32/R-125 3.3 
In a manner similar to Shah, Kandlikar's correlation relies on determining two heat 
transfer coeffIcients, one for the nucleate boiling dominated regime and one for the convective 
boiling dominated regime. The heat transfer coeffIcient is then considered to be the larger of 
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the two. In Kandlikar's final form, he introduces a Froude number dependence, not unlike 
Shah, in the convective term to account for the loss of tube wall wetting at low flow rates. 
Jung and Radermacher [1989] proposed a correlation which was specifically developed 
for refrigerants. Like Chen, they proposed an additive form as follows: 
htp = Nhsa + Fh, (2.4) 
However, instead of calculating two HTC's and taking the larger of the two like Kandlikar, 
they use a boiling suppression factor, N, and a two-phase enhancement factor, F. The nucleate 
boiling suppression factor is a function of the boiling number and the Lockhart-Martinelli 
parameter while the two-phase enhancement factor is a function of only the Lockhart-Martinelli 
parameter. To account for nucleate boiling, Jung and Radermacher introduce hsa which is the 
pooling boiling heat transfer coefficient determined from the Stephan and Abdelsalam [1980] 
correlation. hI is the single-phase Dittus-Boelter heat transfer coefficient defined by equation 
(2.1). 
Wattelet et al. [1993] proposed a correlation which was developed specifically for 
refrigerants. The form of this correlation is different from that of the Kandlikar and Jung and 
Radermacher in the way that it accounts for the simultaneous nucleate and convective boiling. 
Recall that Kandlikar calculated two values and took the larger of the two, while Jung and 
Radermacher introduced correction factors called suppression and enhancement factors to 
account for the two mechanisms. Wattelet's correlation uses an asymptotic form proposed by 
Kutateladze [1961] to couple the two mechanisms of heat transfer. This form inherently 
accounts for the suppression of nucleate boiling as mass flux and quality are increased, and it 
does not require correction terms like-that of Jung and Radermacher. The asymptotic form is 
defined as 
h = [h" + h" ]1/" tp lib cb (2.5) 
where n=2.5. hcb is the convective boiling term and takes the form 
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(2.6) 
where hI is defined by equation (2.1), Xtt is the Lockhart-Martinelli parameter and Fw is a 
parameter which is mass flux dependent and takes into account the flow regime. Fw is defined 
as follows: 
Fr, < 0.25 Fw = 1. 32Fr,o.z 
Fr, ~ 0.25 Fw = 1.0 
(2.7) 
The nucleate boiling contribution to heat transfer is predicted using a pool boiling correlation 
proposed by Cooper [1984] and has the form 
(2.8) 
where q" is the heat flux in W/m2, M is the molecular weight, and Pr is the reduced pressure. 
The asymptotic form used by Wattelet is the same form used by Churchill [1972] to 
correlate the transition between forced and free convective heat transfer. Also, it is interesting 
to note that as n approaches infinity, the form becomes that of Shah where the larger of the 
nucleate and convective terms are used; when n equals 1 the form becomes a simple additive 
model similar to that of Kandlikar. 
2.3 Pressure Drop 
In horizontal flow boiling, there are basically two significant components to pressure 
drop: pressure drop due to friction and pressure drop due to a change in momentum (i.e. 
acceleration). Therefore the total pressure drop can be written as the sum of these components 
(2.9) 
There are two types of models which are commonly used in the literature to predict the 
frictional pressure drop in a flow boiling situation: the separated flow model and the 
homogeneous flow model. The homogeneous model assumes that the liquid and vapor move 
with the same velocity, so the flow can be considered uniform with an average set of properties 
based on quality. This model implicitly assumes a constant friction factor between the inlet and 
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outlet of the tube. The separated flow model assumes that the two phases are flowing 
separately, and therefore the phases may have different velocities. 
2.3.1 Homogeneous Model 
Perhaps the most accepted homogeneous flow model is that which was proposed by 
Pierre [1964]. Pierre expressed the frictional pressure drop in terms of a dimensionless friction 
factor, fBO, which was arrived at experimentally. Pierre correlated this factor in terms of the 
Reynolds number and the Boiling number. His correlation takes the form 
where 
f BO = O.OI85Kf 0.25 Re-O.25 
_(Xo+xi ) 
xave - 2 
P = Pvp/ 
ave XaveP,+(I-xave )pv 
(2.10) 
(2. 11 a) 
(2. 11 b) 
(2.11c) 
The one considerable drawback to Pierre's correlation is that it is only applicable to flows with 
(RelKf» 1 which corresponds to conditions close to annular flow. Moreover, for typical 
conditions experienced in heat pump applications and stationary air conditioners, Pierre's 
correlation may not be applicable, so care must be exercised when using it. 
2.3.2 Separated Flow Model 
The separated flow model was developed by Lockhart and Martinelli [1947]. They 
postulated that the pressure drop associated with a two-phase flow would fall in between the 
pressure drop of the fluid flowing as all liquid or flowing as all vapor. Therefore, to correlate 
experimental pressure drop, they defined X as the ratio of the pressure gradient assuming only 
liquid flow to the pressure gradient assuming only vapor flow. 
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(2.12) 
In two-phase flow each of the phases can be either turbulent or laminar. Assuming that 
both phases are turbulent, a friction factor can be determined for each phase using a Blasius 
type correlation for smooth tubes. Substituting this pressure gradient into the defmition of X, 
the Lockhart-Martinelli parameter is obtained with the form 
( )009( )0.5 ( )0.1 Xu = 1- x..,,/I PII J1., 
Xallll P, J1.11 
(2.13) 
where the subscript tt refers to turbulent-turbulent for the liquid and vapor flow. Based on the 
assumption that the two-phase pressure drop will be related to a single-phase pressure drop, 
experimental two-phase multipliers are calculated and correlated with the Lockhart-Martinelli 
parameter. 
The two-phase multiplier is the ratio of the experimental two-phase pressure drop to the 
single-phase pressure drop using a Blasius type correlation. For adiabatic flow, the two-phase 
multiplier is based on either the liquid or vapor flow as 
(2. 14a) 
(2. 14b) 
Martinelli and Nelson [1948] extended the two phase multipliers defined in (2.14a) and (2. 14b) 
to diabatic flow by redefining the. bya multiplier based on the total flow taken as liquid only 
and given by 
(2.15) 
It can further be shown that the relationship between <1>! and <1>: is given by 
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(2.16) 
Therefore, to obtain the total friction pressure drop in a diabatic forced convection 
situation, the two-phase multiplier must be integrated over the quality change with the 
following expression 
where the single phase pressure drop is defmed by 
with the friction factor for smooth tubes being given by 
f = 0.046 
10 ReO•2 
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(2.17) 
(2.18) 
(2.19) 
The acceleration pressure drop is the result of the increased fluid velocity due to 
vaporization. As the fluid evaporates, the average density of the flow decreases. Therefore, to 
keep the mass flow rate constant, the velocity must increase. Application of the momentum 
equation to the flow yields the following expression for the acceleration pressure drop: 
In equation (2.20), a is the vapor void fraction which Zivi [1964] defines as 
(2.21) 
Chisholm [1968] first proposed a correlation which predicted the two-phase pressure 
drop for steam-water mixtures based on the pressure drop in the liquid phase only. Although 
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this correlation was acceptable for an adiabatic situation where the liquid pressure drop is 
constant it proves to be unsatisfactory in a diabatic situation. To extend his correlation to 
diabatic flows, Chisholm [1973] proposed a correlation based on the friction pressure drop as 
if the whole mixture where flowing as liquid. His correlation has the general form 
M tp = 1 + (r2 -1){ 4.8xo.87s(l_ xt·87S + x1.7SO} 
Mio 
where r is the property index which is defined by 
( )o.s( )0.125 r = EL Pg 
Pg PI 
(2.22) 
(2.23) 
It is interesting to note that when x=O, Chisholm's correlation reduces to the pressure 
drop of the liquid flow; when x= 1 the model predicts the pressure drop of the vapor flow; and 
when r=1 (critical point) the liquid and vapor pressure drops are the same and equal the two-
phase pressure drop. 
Jung and Radermacher [1989] proposed a separated flow model correlation for the two-
phase multiplier using a large data base of both pure and mixed refrigerants. They define the 
multiplier as 
(2.24) 
It is interesting that their multiplier is used to predict the total pressure drop rather than just the 
friction pressure drop. The assumption that the friction and acceleration pressure drop can be 
accounted for by the same multiplier arises from a study by Soumerai [1987] which indicates 
that the acceleration pressure drop is always less than 10% of the total pressure drop for the 
conditions which Jung and Radermacher tested. Furthermore, it has been shown that the void 
fraction, a key parameter in the acceleration pressure drop, can be correlated quite well with 
Xtt. Therefore, when the experimental two-phase multiplier is correlated against Xtt, the 
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acceleration pressure drop is implicitly accounted for. The final form of lung and 
Radermacher's correlation for the two-phase multiplier is 
(2.25) 
Cooper [lung and Radermacher, 1989] showed that the property group in the Lockhart-
Martinelli parameter can be correlated with the reduced pressure as 
( )O.S( )0.1 ~; ~: = 0.551P~·492 (2.26) 
Using this reduced pressure form, lung and Radermacher's two-phase multiplier can be 
correlated conveniently as 
<I>~ = 30. 78x1.323 (1- X )O.4TI r;n·7232 (2.27) 
Souza et al. [1993] proposed a correlation for the two-phase friction multiplier based on 
the separated flow model. This correlation used R-12 and R-134a as the test fluids. Unlike 
lung and Radermacher, Souza separated the friction and acceleration pressure drop 
contributions. He also introduced the Froude number which takes into account the flow regime 
as seen in the heat transfer correlations. Souza's correlation for the two-phase friction 
multiplier takes the following form: 
<1>/0 = (1.376 + c1X;c2 )(1- X)1.7S 
For 0 < Fr, S; 0.7 
c1 = 4.172 + 5. 480Fr, -1. 564Fr; 
c2 = 1.773-0.169Fr, 
For Fr, > 0.7 
c1 = 7.242 
c2 = 1.655 
2.4 Comparison Based on Correlations 
(2.28) 
It is interesting to start the comparison of the replacement refrigerants by fIrst looking at 
their heat transfer and pressure drop characteristics in terms of correlations. This procedure 
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will provide insight into which parameters are influencing the refrigerants behavior. For 
comparison purposes, the correlations of Wattelet et al. and Souza et al. will be considered. 
Table 2.2 shows a comparison of the major properties affecting heat transfer and pressure drop 
for the three refrigerants in this study. 
Table 2.2 
Refrigerant Property Data at 41°F 
Property R-22 R-134a R-32/125 
hlg(Btu/lbm) 86.6 83.3 99.6 
Pv/PI 0.020 0.013 0.029 
M 86.5 102.0 67.3 
Pr 0.116 0.086 0.191 
lq(Btu/hr-ft2-oF) 0.0172 0.0160 0.0203 
Jll(lbm/ft-hr) 0.5465 0.6411 0.4797 
~1(Btu/lbm-°F) 0.2835 0.3179 0.3126 
Figure 2.2 shows a plot of the heat transfer coefficient versus quality for the three 
refrigerants. This plot clearly shows that compared to R-22, R-32/125 has a higher heat 
transfer coefficient by as much as 30%. R-134a, on the other hand, has a heat transfer 
coefficient which is similar to R-22. The high heat transfer coefficient of the azeotrope can be 
attributed to the large reduced pressure and the small molecular weight as shown in Table 2.2. 
As equation (2.8) indicates, the nucleate boiling contribution to heat transfer is a function of 
molecular weight, heat flux and reduced pressure. Figure 2.3 shows the effect of the reduced 
pressure as a plot of p~.12 [-loglo (Pr ) r{)·55 versus P r' This plot does indicate a strong increase 
in the function with Pro This function approaches infinity as Pr increases to one. Therefore, 
this correlation cannot be used near the critical pressure. The higher reduced pressure of R-
32/125 results in a 30% increase in this term over R-22. Equation (2.8) also indicates that the 
nucleate boiling heat transfer is inversely proportional to the square root of the molecular 
weight. This also increases the heat transfer of R-32/125 because its molecular weight is 
smaller than R-22. The reduced pressure of R-22 and R-134a are similar, so the large 
molecular weight of R -134a is the primary reason for the decrease in its nucleate boiling heat 
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transfer. The combined effects of molecular weight and reduced pressure are given in Figure 
2.4 which shows a monotonic increase of the nucleate boiling heat transfer coefficient with heat 
flux for the three refrigerants. 
The convective contribution to heat transfer is not as fluid dependent as the nucleate 
boiling contribution. Figure 2.5 shows the convective boiling heat transfer coefficient versus 
mass flux. This plot shows the rather similar convective behavior between the three fluids with 
the HTC increasing with the mass flux. R-134a does exhibit a slightly larger contribution than 
either R-22 and R-32/125. Unlike the nucleate boiling contribution, the higher reduced 
pressure of the azeotrope and R-22 reduce the convective contribution. This effect is made 
more clear if the Lockhart-Martinelli parameter is written in the form 
(2.29) 
using the property index from equation (2.24). Since a higher reduced pressure results in a 
larger value of XII' the convective contribution is decreased because XII appears to a -0.83 
power in equation (2.6). 
The difference in pressure drop among the refrigerants is examined in Figure 2.6. This 
figure shows that the two-phase multipliers from equation (2.28) increase with quality. The 
acceleration pressure drop is between 10 to 30 % of the overall pressure drop. Therefore, 
without loss of generality, only the friction portion of the pressure drops are compared. Figure 
2.6 shows that the two phase friction multiplier varies substantially among the refrigerants. 
The main parameter influencing this behavior is the vapor to liquid density ratio, Pv/pl. Table 
2.2 shows the values of the density ratios for the three refrigerants. The density ratio of R-
32/125 is 45% larger than that of R-22, whereas the density ratio is 30% smaller for R-134a. 
As a fluid is vaporized, there is a decrease in the average density of the flow. 
Therefore, since the mass flow rate must remain constant, the average velocity must increase. 
The increase in the average velocity manifests itself in a large increase in the vapor velocity. 
Therefore, the smaller this density ratio is, the higher the resulting vapor velocity. Generally 
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speaking, pressure drop is proportional to velocity squared, so a higher velocity results in a 
much higher pressure drop. 
2.5 Return Bend Pressure Drop 
The pressure drop associated with an evaporator or condenser is a very important 
design consideration. Increased pressure drop in the evaporator lowers the suction line 
pressure which reduces the compressor volumetric efficiency. It also increases the required 
amount of work input to the system. Consequently, it is important to accurately model the 
pressure drop not only in the straight tubes but also in the return bends. Although much work 
has focused on the pressure drop associated with single-phase pressure drop in bends, a much 
smaller amount of work is available on two-phase flow in bends. In fact, only two studies 
were found in the literature which relate directly to evaporators and condensers used in HVAC 
type applications. 
Pierre [1964] studied the pressure drop associated with 1800 bends in evaporators using 
R-12. Pierre's analysis is based on the premise that the adiabatic pressure drop associated with 
a bend can be broken down into two distinct parts as 
(2.30) 
where M, is the pressure drop due to turning the flow and M f is the pressure drop due to 
friction only. Pierre experimentally measured the total pressure drop which resulted from 
turning a flow 1800 • He then subtracted the measured pressure drop associated which a 
straight section of tube the same length and diameter as the bent tube. The result was assumed 
to be the pressure drop due to turning the flow. 
To correlate his results, Pierre defined the dimensionless resistance factor, e, which is 
given as 
(2.31) 
where Vave is defined as 
(2.32) 
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Pierre collected data for R-12 with and without oil present. He found that for design purposes, 
a constant value of e is quite acceptable. He found e to be between 1.1 and 1.3 with oil 
present and between 0.8 and 1.0 when oil was not present. 
The second work found in the literature is that of Geary [1975]. Unlike Pierre, 
Geary did not separate the two pressure drop effects. Rather he correlated his data on the basis 
of the total pressure drop resulting from the bend (friction and turning the flow). Geary based 
his work on the supposition that the bend, in effect, enhances the friction. Therefore, he 
developed a friction factor and correlated it as a function of the ratio of the tube diameter to the 
bend diameter, the vapor Reynolds number, and the quality. His correlation was expressed as 
follows: 
(2.33) 
where the friction factor, fg, is defined by 
f = 5.58·1O-6Re~·5 
g exp{0.215D/d)xl.25 (2.34) 
It should be noted that the constant 5.58 in equation (2.34) has dimensions of ft2fin2. Geary 
developed his correlation using R-22 and it is applicable over a quality range of 20% to 80%. 
2.6 In-tube Augmentation 
When attempting to correlate the in-tube heat transfer coefficient and pressure drop of 
enhanced tubes, the basic assumption used by many authors is that the mechanisms of heat 
transfer and pressure drop are the same in both the enhanced tube and smooth tube. Therefore, 
the scheme many researchers use to correlate flow boiling inside of enhanced tubes relies on 
simply modifying existing smooth tube correlations with correction factors. 
Schlager etal. [1989] gathered HTC and pressure drop data for three different micro-
fin geometries and one smooth tube. All four tubes had a 0.375 in outside diameter, and the 
micro-fin tubes all had trapezoidal fins with a maximum inside diameter of 0.350 in. The tests 
were conducted using R-22 as the test fluid and the quality change was 10 to 90%, so average 
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HTCs are reported. Schlager did not develop a correlation, he simply presented his data in the 
fonn of plots. 
Schlager based the heat transfer coefficient on the area of a smooth tube having the 
same diameter as the maximum inside diameter of the micro-fin. Schlager defined the 
enhancement factor, EF, as the ratio of the HTC of the micro-fin tube to that of the smooth tube 
with the same diameter. Likewise, he defined the penalty factor, PF, as the ratio of the 
pressure drop of the micro-fin tube to that of a smooth tube with a diameter equal to the 
maximum inside diameter. 
Schlager found that the HTC generally increases with mass flux, but the EF decreases 
with mass flux. He also found that the pressure drop increases with mass flux, but unlike the 
EF, the PF also increases with mass flux. Over the mass fluxes tested, 0=112.5-300 
klbm/ft2-hr, the EF was found to vary between 1.5 to 1.9 whereas the PF varied between 1.0 
and 1.4. Finally, it should be noted that the EF did increase more than the area ratio between 
the enhanced tube and smooth tube, so the increase in heat transfer is not due entirely to the 
increase of surface area. 
Kandlikar [1991] proposed a modification of his smooth tube correlation, equation 
(2.3), by introducing two correction factors, ECB and ENB, to account for the enhancement of 
the convective and nucleate boiling heat transfer, respectively. Kandlikar used data collected 
by Khanpara et al. [1987] to test his model. Kbanpara's data is for a 0.344 in ID micro-fin 
tube using R-22 and R-l13 as test fluids. Unlike Schlager, Kandlikar used the actual inside 
surface area when calculating the HTC. He also chose the characteristic dimension in the 
Reynolds number as the maximum inside diameter. 
Interestingly, Kandlikar found that the two enhancement factors are not functions of the 
fluid being tested or the operating parameters like mass flux, heat flux, etc., but only a function 
of the tube itself. Kandlikar found that the convective boiling enhancement factor was 14% 
higher than the nucleate boiling enhancement Neither of the authors proposed a correlation for 
predicting the pressure drop in enhanced tubes. 
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Chapter 3 
Experimental Apparatus 
Heat transfer coefficient and pressure drop data have been collected using a refined and 
reliable test apparatus. The apparatus has been quite extensively documented by both Wattelet 
[1990] and Panek [1991], and for this reason, only a brief description of the test apparatus and 
data collection method will be presented. As far as the test apparatus is concerned, the main 
focus will be on recent modifications and the reasons for making the changes. 
3.1 Test Apparatus 
Figure 3.1 is a schematic of the test apparatus. The test rig is a cascaded system 
consisting of three closed loops: one for the municipal water supply, one for a 50%/50% 
ethylene glycoVwater solution and one for the refrigerant in the test section. A 60,000 Btulhr 
commercial chiller is used to remove heat from the glycol solution by rejecting heat to the city 
water supply. The chiller is thermally connected to the refrigerant test loop via liquid to liquid 
heat exchangers. 
The main focus of the experimental apparatus is the refrigerant test loop which is 
shown in Figure 3.2. The loop is capable of measuring local in-tube heat transfer coefficients 
and pressure drop. The parameters which can be controlled are the type of refrigerant, mass 
flux, evaporation temperature, vapor quality, and heat flux. A positive displacement pump 
circulates the subcooled refrigerant through the loop. The flow rate of the refrigerant is 
measured with a Coriolis-type mass flow meter after the pump. The subcooled liquid enters a 
20,500 BtuIhr preheater where heat is added to the flow to set the desired quality at the entrance 
of the test section. The power is controlled with switches and a variable voltage transformer, 
and it is measured with a watt transducer. The two-phase fluid then enters the test section 
where more heat is added to further evaporate the flow and measure the heat transfer coefficient 
and pressure drop. The two-phase fluid then flows to the glycol-cooled condenser where it is 
subcooled. 
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Thermocouples soldered into narrow grooves on the outside of the test section measure 
the wall temperature of the test section. The temperature of the bulk fluid is measured at the 
inlet and outlet of the test section. The pressure drop across the test section is measured with a 
differential pressure transducer. 
Figure 3.2 indicates the locations around the flow loop where the pressure and 
temperature of the refrigerant are measured. There are also tubular sight glasses at the inlet and 
outlet of the test section, outside of the differential pressure measurement, which allow 
visualization of the flow regime. 
3.2 Test Sections 
For the work being considered here, there are two different types of test sections: those 
used for the heat transfer and friction pressure drop studies and those used for the return bend 
pressure drop study. Both smooth and micro-fin tubes were used for the straight tube 
experiments while only smooth tubes were used for the return bends. 
3.2.1 Straight Test Sections 
All smooth tubes used in these experiments were constructed from commercially 
available copper tubes. The factory specification for the inside tube diameter is the diameter 
used in all calculations. This value is checked however with the following procedure. The 
tube is cut and carefully de-burred. A dial caliper is used to measure the inside diameter of the 
tube in several locations. The measurements are all averaged to give an actual inside diameter. 
The difference between this measured value and the factory specification is then considered to 
be the uncertainty of the diameter measurement. It should be noted that this difference was 
generally quite small at approximately 0.003 in. 
A typical smooth-tube test section used for friction pressure drop and heat transfer 
experiments is show schematically in Figure 3.3. Sixteen, 0.015 in deep grooves are machined 
in the outside of the tube wall. Four groups of four groves are spaced evenly along the length 
of the test section. Thirty-gauge, type T, copper-constantan thermocouples are soldered into 
the grooves. A single layer of 0.003 in copper tape is then wrapped over the thermocouples to 
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help eliminate hot spots. Finally, electrical resistance heaters are spirally wrapped over the 
whole test section between the pressure taps. The heaters are silicon rubber with an aluminum 
foil backing which helps to distribute the heat evenly. 
To get accurate pressure drop data, the pressure taps must be constructed and installed 
properly. A schematic of a pressure tap is shown in Figure 3.4. To install the pressure tap, it 
is fIrst soldered to the tube in the proper position. Then a 0.060 in hole is drilled through the 
pressure tap tube and through the test section wall. The fInal step and perhaps the most 
important step is to de-burr the hole on the inside of the test section. This is done using fIne 
emery cloth. 
The micro-fIn tube is a 3/8 inch nominal outside diameter Modine tube with 60 helical 
fIns at 18°. The maximum inside diameter is 0.350 in. A schematic of the micro-fIn tube is 
shown in Figure 3.5. Because the wall thickness of the micro-fIn tube is much thinner than the 
smooth tube, it is not possible to machine grooves into the outside of the tube wall. Therefore, 
to protect the thermocouples from being in direct contact with the strip heaters, 0.020 in shims 
are formed and soldered to the outside of the tube. This confIguration is shown in Figure 3.6. 
A subsequent investigation has determined experimentally that this configuration yields wall 
temperatures with virtually the same accuracy as the thermocouples soldered into grooves on 
the tubes with thicker walls. After the thermocouples are soldered in the grooves between the 
shims, a single layer of copper tape is wrapped over the shims and strip heaters are wrapped 
spirally around the tube. Table 3.1 gives the dimensions of the straight-tube test sections used 
for the heat transfer and pressure drop experiments. 
Table 3.1 
Straight Test Section Dimensions 
Test Section Type MaximumID Pressure Drop Heat Transfer 
Length Length 
(in) (ft) (ft) 
1 Smooth 0.430 4.27 4.00 
2 Smooth 0.305 4.17 3.67 
3 Micro-fin 0.350 4.00 3.45 
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3.2.2 Return Bend Test Sections 
Two different measurements must be made in order to determine the pressure drop due 
to turning a flow. First a measurement of the total pressure drop across the bend is needed, 
and second the friction pressure drop associated with the straight tube is needed. To 
accomplish this, two different test sections are needed for each set of return bend pressure drop 
data. The first test section is simply a straight horizontal tube with pressure taps located a 
certain distance apart. The second test section is essentially a duplicate of the first one except it 
is bent 1800 • Figure 3.7 is a schematic of a test section used in the return bend pressure drop 
experiments. Three different bends were tested in this set of experiments, and the dimensions 
of each are given in Table 3.2. 
Table 3.2 
Bend Pressure Drop Test Section Dimensions 
Test Section D d I 0 (in) (in) (ft) 
1 3.00 0.315 4.17 0.324 
2 3.00 0.433 4.27 0.380 
3 1.87 0.315 4.17 0.410 
3.3 Data Collection 
Data are collected at steady-state conditions for each test over a 60 second interval. The 
system is assumed to be at steady-state when the variation of the inlet saturation temperature 
and the temperature of the glycol solution leaving the condenser varies less than 0.18 OF in a 
five minute period. Steady-state conditions can be reached in 10 to 60 minutes depending on 
the conditions being run. During the 60 second interval, 41 different channels are scanned and 
recorded to a data file every second. This data file is then pasted into an Excel™ spread sheet 
and the values are averaged over the 60 second interval. Appendix A gives detailed 
instructions outlining how to use the Excel™ macros to reduce the experimental data and 
produce a ledger sheet. 
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3.4 Data Reduction 
The data reduction techniques have been outlined in great detail by both Wattelet [1989] 
and Panek [1992], so only a brief description will be presented here. 
3.4.1 Heat Transfer 
The experimental local heat transfer coefficient is calculated using Fourier's law of 
cooling which is defined as 
q" h = ..,..---=--...,... (T" -T",J (3.1) 
where q" is the heat flux and T s and Tbk are the inside tube wall temperature and bulk fluid 
temperature, respectively. For each test run, four different local heat transfer coefficients are 
measured. Each set of four circumferential wall temperature measurements are averaged to 
give four different values of T s. The bulk fluid temperature at each of the wall temperature 
measurements is arrived at through linear interpolation based on the measured inlet and outlet 
temperatures. The heat flux is based on the measured power applied to the strip heaters and the 
heat gain from the environment and the inside surface area of the of the test section. Each data 
point reported in Chapter 4 is the average of the four values obtained from each test. 
Although authors have defined the area for heat transfer in the enhanced tube 
differently, as seen in Chapter 2, it has been decided to use the reference area which 
corresponds to a smooth tube with a diameter equal to the maximum inside diameter of the 
enhanced tube. 
3.4.2 Pressure Drop 
The pressure drop is recorded directly from the differential pressure transducer across 
the test section. To obtain an experimental value, the 60 seconds of data are averaged. 
3.4.3 Return Bend Pressure Drop 
To back out the pressure drop which results from turning the flow, two measurements 
are required. In order to keep the data as accurate as possible, the same differential pressure 
transducer was used for measuring the pressure drop in the straight section and the bent 
section. Therefore, each set of conditions were run twice, once with the differential pressure 
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transducer across the straight section and once with it across the bend test section. The values 
were then averaged over the 60 seconds and the straight adiabatic friction pressure drop was 
subtracted from the adiabatic measured bend pressure drop to arrive at the pressure drop due to 
turning the flow. 
The return bends considered in this study are characterized by 8 which is defmed as 
8=~ (3.2) 
The values of 8 for the three bends considered are given in Table 3.2. 
3.5 Uncertainty Analysis 
Performing an uncertainty analysis is an important part of experimental work. It 
provides insight into where the experiment needs to be improved and describes the limitations 
of the data. It also shows quite clearly which of the instrument errors has the largest effect on 
the overall experimental error. 
The uncertainty of the experimental data was determined by the method of sequential 
perturbation as described by Moffat [1988]. The basic scheme involves fIrst calculating a base 
case heat transfer coefficient from the actual experimental data. Then one at a time, each 
parameter in equation (3.1) is perturbed by its uncertainty and a new heat transfer coeffIcient is 
calculated. This results in five different heat transfer coeffIcients: one for the base case, one 
for the uncertainty in T s, one for the uncertainty in Tbk, one for the uncertainty in the area used 
in the heat flux calculation and one for the uncertainty in the power measurement. Once all fIve 
HTC's are calculated, the root sum square is taken and the difference between this value and 
the base case represents the maximum error. For the experimental data contained in this work, 
the uncertainty of the··heat transfer coefficient ranges from 4% to 35%, and the uncertainty in 
the pressure drop is ±0.0218 psia. 
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3.6 Test Matrix 
The experimental test matrix was constructed to mimic the conditions typical of 
stationary air-conditioning and medium-size refrigeration systems. The matrix was extended 
beyond these operating conditions so that the relationship between the operating parameters and 
the resulting evaporator behavior could be examined The test matrix for both the smooth tubes 
and the micro-fin tube is shown in Table 3.3 while the return bend pressure drop test matrix is 
shown in Table 3.4. 
Table 3.3 
Straight Tube Test Matrix 
Temperature Mass Flux Quality Heat Flux 
(Of) (klbm/ft2-hr) (%) (Btu/hr-ft2) 
41 37.5 20 640,960,1600 
40 640,960,1600 
60 640,960,1600 
80 640,960 
41 75 20 960,1600,3200 
40 960,1600,3200 
60 960,1600,3200 
80 960,1600 
41 150 20 1600,3200,6400,9600,12800 
40 1600,3200,6400,9600 
60 1600,3200,6400,9600 
80 1600,3200 
41 225 20 1600,3200,6400,9600,12800 
40 1600,3200,6400,9600 
60 1600,3200,6400,9600 
80 1600,3200 
41 375 20 3200,6400,9600,12800 
40 3200,6400,9600 
60 3200,6400,9600 
Table 3.4 
Return Bend Pressure Drop Test Matrix 
Temperature Mass Flux Quality 
eF) (klbm/ft2-hr) (%) 
41 150 0, 10, 20, 30, 40, 50, 60, 
70, 80, 90, 100 
41 225 0,10,20,30,40,50,60, 
70,80,90,100 
41 300 0, 10, 20, 30, 40, 50, 60, 
70, 80, 90, 100 
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3.7 System Modifications 
In order to increase the reliability of the data produced with the test apparatus, changes 
have been made to the loop and data reduction procedures. This section will explain the recent 
changes which have been made and the reasons for each change. 
3.7.1 Preheater 
The previous pre heater was a large immersion type circulation heater. The heater was 
essentially a large tank with a single 10 kW heating element. Two problems were attributed to 
this particular heater. First the volume of the heater required excessive refrigerant charge, and 
second, the heater caused instabilities in the flow. At low flow rates, slugs of liquid were 
initiated in the heater due to a percolation effect. These slugs of liquid would travel through the 
test section causing an unstable flow which is most likely not typical of a real evaporator under 
similar conditions. To remedy these two problems, a new preheater was installed. The new 
preheater is a three pass, serpentine, horizontal heater. This heater is made from 0.874 in 
outside diameter copper tube. Heat is supplied to the preheater through the use of surface 
wrapped electrical resistance strip heaters similar to those used on the test section. The heaters 
are secured with stretch tape, and covered with 3.94 in of foam insulation. The power to the 
new preheater is controlled by a combination of four switches and a variable voltage 
transformer. Three of the switches control 1500 W, the other switch controls 500 W, and the 
variable voltage transformer controls 1000 W. 
This preheater by itself significantly reduced the system charge, but to reduce it even 
more, inserts were placed inside of the pre-heater tubes. The insert were constructed from 
0.374 in outside diameter tubes which were capped at both ends. Then they were spirally 
wrapped with wire to match in the inside diameter of the pre-heater tubes. 
3.7.2 FlowMeter 
Instabilities in the flow were also attributed to the flow meter. The previous flow meter 
was a positive displacement piston type flow meter. This flow meter seemed to induce 
oscillations at high qualities and low flow rates. These oscillations then caused premature 
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dryout in the test section at qualities as low as 60%. To remedy this problem, a Coriolis type 
mass flow meter was installed. This particular flow meter aided in damping out the flow 
oscillations in two ways. First, the Coriolis meter does not rely on a cyclic piston type motion 
to measure the flow, but rather a vibrating U-tube. Second the new flow meter has small 
orifices at its inlet and outlet. After this flow meter was installed, the oscillations at high 
quality and premature dryout were eliminated. 
3.7.3 Condensers 
The main concern of the condensers dealt with charge volume. The refrigerate flow 
loop previously used two parallel shell and tube condensers. The two condensers held as 
much as twenty pounds of refrigerant. In order to reduce the system charge, a smaller, 
counterflow, helical condenser was installed. This much smaller condenser is rated at the same 
capacity as the larger shell and tube condensers but the refrigerant volume is significantly 
smaller. This new condenser, in combination with the new preheater, reduced the system 
charge from twenty pounds down to eight. 
There is perhaps one drawback of the new condenser which deals with charge control. 
Because the volume of the old condensers was so large, they acted as a receiver. This made 
charge control almost a none-issue. However, with the new condenser, quite often refrigerant 
must be added and removed in order to increase and reduce the amount of sub-cooling at the 
pump and pre-heater entrance. This is a fairly simple task however, and the charge reduction 
outweighs the added complications of charge control. 
3.7.4 Low Temperature Testing 
When testing at low temperatures, -22 OF at the test section inlet for example, heat gain 
from the ambient becomes a serious problem. In order for the refrigerant to be at -22 OF when 
it enters the··test section; it needs-to"leave the condenser at"approximately -40 oF. However, the 
lower temperature limit of the chiller system is approximately -22 OF, so clearly this type of 
testing was not possible without some sort of change. In order to accommodate such low 
temperature testing, a CO2 subcooler was installed in the loop between the condenser and the 
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pump. Figure 3.8 is a schematic of the low temperature sub cooler. The heat exchanger was 
constructed of a helical copper tube immersed in an insulated tank. When the tank is filled with 
ethyl alcohol and dry ice, refrigerant temperatures as low as -58 of at the test section inlet are 
possible. 
3.7.5 Bulk Fluid Temperature Measurements 
Measurement of the inlet and outlet bulk fluid temperatures were previously made with 
thermocouple probes. Exact placement of the probes in the flow is difficult. It was noticed 
that at low flow rate, the measured bulk fluid temperature and the saturation temperature based 
on the measured pressure at the same point did not match. It was hypothesized that the 
thermocouple probe was not sufficiently in contact with the fluid because in the stratified flow 
regime only a small layer of liquid is in the bottom of the tube. Since the vapor heat transfer is 
so small, the fin effect of the probe becomes appreciable. To remedy this problem, a redundant 
set of thermocouples were soldered directly to the outside of the tube in an adiabatic section 
immediately before and immediately after the test section. A conduction analysis was 
performed, and the thermocouples were placed far enough from the heated test section so that 
axial conduction from the test section was negligible. This length from the test section was 
found to be only approximately 5 in. The measured bulk fluid temperature using this method 
agreed with the saturation temperature based on the pressure for all flow rates within the error 
of the measurements. 
3.7.6 Data Reduction 
Changing either the test section or refrigerant requires many changes in the data 
collection and data reduction software. In order to facilitate an easier change, a modified data 
reduction program was written. The most significant change was to write a function macro 
which contains all of. the- information' about the test section and refrigerant which the data 
reduction program uses. Therefore, when changing refrigerants or test sections, only one 
macro needs to be changed and all of the changes are made in one convenient place. This 
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eliminates much possibility for human error. The new data reduction macro is included in 
Appendix A which outlines in detail the data reduction procedures. 
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Chapter 4 
Experimental Results and Discussion 
Heat transfer coefficient and pressure drop data have been collected for three different 
refrigerants, R-22, R-134a, and R-32/R-125, in two different smooth tubes and one enhanced 
micro-fin tube. The inside diameters of the two smooth tubes are 0.430 in and 0.305 in. The 
enhanced tube is a 3/8 in. nominal outside diameter Modine tube with 60 helical fins. The main 
goal of the present work was to investigate the relative performance of the two R-22 alternative 
refrigerants and to gain insight into why behaviors vary. The results that follow are broken 
down into the following four categories: heat transfer in smooth tubes, pressure drop in 
smooth tubes, pressure drop in return bends, and heat transfer and pressure drop in the micro-
fin tube. All of the data discussed in this chapter are presented in tabular form in Appendix B. 
4.1 Heat Transfer 
Figures 4.1 and 4.2 are qualitative plots showing the heat transfer coefficient versus 
quality at various heat fluxes for annular and wavy flows, respectively. In these plots, the 
convective and nucleate boiling contributions to heat transfer are readily distinguishable. The 
convective boiling contribution to heat transfer is shown as the lower curve into which all of 
the increasing heat flux curves merge. This plot shows that at low qualities there is 
considerably more contribution by nucleate boiling than at high qualities. The decrease in 
nucleate boiling with increasing quality can be explained if one considers the basic phenomena 
of pool (nucleate) boiling. 
Nucleate boiling heat transfer is driven by the temperature difference between the tube 
wall and the bulk fluid which is referred to as the amount of wall superheat. If the wall-super 
heat is large enough, bubbles will nucleate in microscopic imperfections in the tube wall. At 
low qualities, the convective heat transfer coefficient is low, so the wall temperature is 
relatively high. Therefore, nucleate boiling is increased. As the quality is increased, the liquid 
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layer covering the tube wall thins out. This results in a decrease in the thermal resistance 
thereby increasing the convective heat transfer and decreasing the nucleate boiling heat transfer. 
In the wavy flow regime, Figure 4.2 shows that the HTC is relatively constant with 
quality which indicates that the dependence on quality is weak. The large increase of the HTC 
with heat flux indicates a very strong dependence on nucleate boiling. 
Figures 4.3 through 4.12 and 4.13 through 4.27 are plots of the experimental HTC's 
for the 0.430 in and 0.305 in diameter smooth tube, respectively. Both sets of plots include 
data for all three refrigerants at 41°F. 
One of the obvious results which is evident in these plots is that the mass flux has a 
strong influence on the HTC for all three refrigerants. As the mass flux is increased from 37.5 
to 225 klbm/ft2-hr, the HTC increases by as much as three times. This is seen in Figure 4.28 
which is a plot of the average HTC versus mass flux for all three refrigerants. This strong 
mass flux dependence is the result of a flow regime transition. As the flow progresses from a 
wavy to an annular flow, more complete wall wetting and thinning of the liquid layer both tend 
to increase the HTC. 
In the wavy flow regime (0:5.75 klbm/ft2-hr), quality does not seem to have a strong 
effect on the heat transfer coefficient as seen in Figures 4.3-4.7 and 4.13-4.18. In this flow 
regime, the liquid layer at the bottom of the tube stays relatively thick and is only in contact 
with a small portion of the tube wall. Therefore, even when the liquid layer thins out at high 
qualities, which would generally tend to increase the convective heat transfer, the amount of 
wall area in contact with liquid is so small that no significant increase in the HTC is seen. This 
indicates that nucleate boiling is the dominant mode of heat transfer, or it is at least of the same 
order of magnitude as the convective heat transfer. Heat flux is the main parameter effecting 
the HTC in this flow regime. 
As the mass flux is increased beyond approximately 75 klbm/ft2-hr transition from 
wavy to annular flow occurs. In this flow regime, both the heat flux and quality strongly effect 
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the HTC as seen in Figures 4.8-4.12 and 4.19-4.27. The increase of the HTC with quality in 
this flow regime is the result of the thinning liquid layer as the quality is increased. 
The behavior of the azeotrope does not follow the expected trend quite as closely as the 
other two refrigerants. First, for the low mass flux tests, the HTC seems to decrease with 
quality as indicated in Figures 4.4 and 4.15. The exact reason for this behavior is not known 
for sure. One possibility is experimental error because the low mass flux tests have the highest 
amount of uncertainty. At low mass fluxes, the heat input is small and the temperature 
difference between the refrigerant and tube wall is on the same order of magnitude as the 
uncertainty of the measurement. One other possible explanation is that nucleate boiling is 
suppressed. Therefore, if the convective heat transfer is fairly constant, which seems to be the 
case, the overall HTC may in fact decrease. 
One other interesting difference between the azeotrope and the other two refrigerants is 
the slope of the convective portion of the HTC versus quality curve in the annular flow regime. 
This difference can be seen in the comparison of Figures 4.22 through 4.24. The HTC's of R-
22 and R-134a increase by approximately 440 and 620 Btu/hr-ft2_oF, respectively, in the 
quality range from 20% to 80%, whereas it only increases by approximately 180 Btu/hr-ft2_0F 
for R-32/125 over the same quality change. The behavior of the azeotrope in this flow regime 
is similar to the behavior of the other two refrigerants in the wavy regime. This seems to 
indicate that nucleate boiling is either the dominant mode of heat transfer or at the very least is 
of the same order of magnitude as the convective heat transfer. 
Figure 4.29 is a plot of the HTC versus quality for the three refrigerants in the wavy 
flow regime with a heat flux of 960 Btu/hr-ft2. This plot shows two interesting trends. First, 
it is apparent that the HTC of the azeotrope is significantly, may be as much as 100%, higher 
than both of the other two refrigerants.-Becond;·the HTGcurves of R .. 22 and R-134a cross at 
approximately 60% quality which was also predicted in Figure 2.2 using the correlation of 
Wattelet et al. This behavior is the result of the lower convective heat transfer of R-22 as 
nucleate boiling is suppressed. 
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Figure 4.30 is a plot of the HTC versus quality for the three refrigerants in the annular 
flow regime with a heat flux of 3200 Btu/hr-ft2. This plot shows that at low qualities the large 
nucleate boiling contribution of the azeotrope makes the HTC significantly larger. However, 
as nucleate boiling is suppressed, the three refrigerants have similar HTC's. Because nucleate 
boiling is so pronounced in the azeotrope, at high heat fluxes and quality, the azeotrope has a 
significantly higher HTC than either of the other two refrigerants at similar conditions .. At high 
qualities, nucleate boiling is almost completely suppressed for R-22 and R-134a. The 
azeotrope on the other hand still shows a significant amount of nucleate boiling. In fact, at a 
heat flux of 12800 B tu/hr-ft2 and 30% quality, the HTC of R -134a is 11 % greater than that of 
R-22 while R-32/R-125 is 50% greater than that of R-22. Figure 4.30 also shows that the 
HTC curves of R-22 and R-134a cross at approximately 60% for a moderate heat flux in the 
annular flow regime as well as in the wavy flow regime. 
Both sets of data for the smooth tubes have been presented together with very little 
distinction between them. This is because the effect of diameter on the local HTC is not very 
significant for the tubes considered here. The main effect is seen when a diameter change 
results in a flow regime change for the same operating condition. For example, if a particular 
mass flux and quality in the 0.305 in tube corresponds to an annular flow, but in the 0.430 in 
tube it corresponds to a wavy flow, the heat transfer coefficient will be much smaller in the 
0.430 in tube. However, the change from 0.305 in to 0.430 in does not effect the flow regime 
significantly, so the behavior between the two tubes is very similar. 
4.2 Pressure Drop 
All three refrigerants show very similar trends in terms of pressure drop. Figure 4.31 
through 4.33 are plots of the pressure drop versus quality for R-22 at 150, 225 and 375 
klbm/ft2-hr,-respectively. ··All-three mass fluxes show the same-basic trend The pressure drop 
increases with quality until approximately 80% and then it begins to decrease. The increasing 
portion of the curve is due to the increase in refrigerant velocity as the fluid evaporates. The 
decrease in pressure drop after a quality of 80% occurs because of a flow regime transition. In 
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the annular flow regime at low qualities, the interface between the liquid and vapor is quite 
rough because the liquid layer is thick and waves are easily formed. Considering that the 
pressure drop is a characteristic of the friction associated with the vapor flow, this results in a 
high pressure drop. As the quality is increased and the liquid layer becomes thinner, the 
roughness of the liquid-vapor interface decreases. This results in a lower pressure drop. Also, 
as the quality approaches 100%, the annular layer becomes very thin. In fact, much of the 
liquid maybe traveling through the tube as entrained liquid. Therefore, a less viscous layer of 
gas and entrained liquid is traveling along the smooth tube wall and pressure drop decreases. 
Another interesting aspect seen in these three plots is the effect of heat flux on the 
pressure drop. At a mass flux of 150 klbm/ft2-hr, Figure 4.31 indicates that the heat flux 
affects the pressure drop. However, at 375 klbm/ft2-hr, Figure 4.33 indicates very little effect. 
This behavior is the result of acceleration pressure drop. At low mass fluxes and high heat 
fluxes, the acceleration pressure drop substantially increases the total pressure drop. At high 
mass fluxes, the friction pressure drop is much larger than the acceleration pressure drop, so 
the increase in the total pressure drop with heat flux is not as pronounced. 
The pressure drop is a strong function of tube diameter and this effect is seen in Figure 
4.34 which is a plot of the pressure drop gradient versus quality for the two tubes. As the tube 
diameter is decreased the pressure drop increases. Likewise, the pressure drop is a strong 
function of mass flux. Figure 4.35 is a plot of the pressure drop versus quality for R-32/R-
125 at different mass fluxes. This plot shows that the pressure drop increases with mass flux. 
The pressure drop of all three refrigerants is compared in Figure 4.36. R-32/R-125 
consistently has the smallest pressure drop which is 33% less than R-22 at 50% quality. R-
134a, on the other hand, has the highest pressure drop which is 50% greater than R-22 at 50% 
quality. This basic trend is-seen atall mass fluxes. 
4.3 Pressure Drop due to Return Bends 
Figure 4.37 is a plot of the pressure drop due to the return bend versus quality for the 
three bends described in Table 3.3. This plot includes data taken at 23°,41 ° and 59 oF. The 
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fIrst interesting aspect of this plot is the similarity of the shape of the curve with that of the 
straight tube pressure drop, Figures 4.31-4.33. This plot also indicates three parameters which 
strongly influence the return bend pressure drop: the mass flux, the temperature, and 6, the 
tube to bend diameter ratio. 
As expected, the temperature affects the pressure drop by influencing the viscosity of 
the refrigerant. As the temperature is lowered, the viscosity increases and this results in an 
increased pressure drop. To examine the other two parameters affecting the pressure drop, the 
data of Figure 4.37 is replotted in Figure 4.38 which shows only data taken at 41°F. At a 
given 6, as the mass flux is increased, the pressure drop due to the return bend increases. At a 
high mass flux, the fluid velocity is higher which promotes more mixing, separation and 
secondary flows in the bend which all tend to increase the pressure loss in the bend. 
For a given mass flux, as 8 is increased, the pressure drop also increases. 
Considering bends 1 and 3 which both have a 0.315 in inside tube diameter, this increase in 
pressure drop is due to the decrease in bend centerline diameter. Decreasing the bend diameter 
increases the acceleration of the flow through the bend, and this results in increased mixing and 
turbulence which increases the pressure drop. 
4.4 Enhanced Tube 
To compare the micro-fin tube data to a smooth tube, an enhancement factor and 
penalty factor are defined. The enhancement factor, EF, is defIned as the ratio of the 
experimental HTC to the HTC predicted by the Wattelet et al. correlation for a smooth tube 
with an inside diameter equal to the maximum inside diameter of the micro-fIn tube. Likewise, 
the penalty factor, PF, is defIned as the ratio of the experimental pressure drop to pressure 
drop predicted by the Souza et al. correlation for a smooth tube with an inside diameter equal 
to the maximum inside diameter of the micro-fIn tube. 
4.4.1 Heat Transfer in the Micro-fin Tube 
The experimental HTC data for the three refrigerants in the micro-fm tube are shown in 
Figures 4.39 through 4.53. The tests run in the wavy flow regime show a different trend than 
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those tests run in the smooth tube at similar conditions. Recall, in the smooth tube the HTC is 
essentially constant with quality and shows a strong dependence on the heat flux. In the micro-
fin tube, the HTC shows a strong dependence on quality but a much weaker dependence on the 
heat flux as seen in Figures 4.39-4.44. In fact, compared to a smooth tube at 20% quality in 
the wavy flow regime, the HTC of the micro-fin tube is twice as large while at 80% quality it is 
four times as large. 
The increasing HTC with quality for the low mass flux tests indicates that convective 
boiling is the dominant mode of heat transfer unlike nucleate boiling in the smooth tube for 
similar conditions. The shape of the HTC versus quality curve at the low mass flux conditions 
(wavy flow regime) in the micro-fin tube resembles that of the high mass flux conditions 
(annular flow regime) in the smooth tube. This suggests that the micro-fin tube helps to 
promote wetting of the tube wall which creates an annular type of flow. The fins also help to 
turbulate the flow which also aid in increasing the heat transfer. 
As the mass flux is increased and the flow becomes annular, the heat transfer behavior 
of the micro-fin tube approaches that of a smooth tube. In fact, for the highest mass flux tests, 
Figures 4.51-4.53, the enhancement factor for heat transfer is nearly unity for all three 
refrigerants. 
The behavior of all three refrigerants, at least qualitatively, is very similar in all flow 
regimes, with the exception of R-22 at 37.5 klbm/ft2-hr. This is seen in Figure 4.54 which is 
a plot of the enhancement factor versus mass flux. This plot indicates that compared to the 
other two refrigerants, R-22 follows a different trend at the lowest mass flux having a much 
higher HTC. The uncertainty of the low mass flux data is quite high, so drawing quantitative 
conclusions is somewhat suspect. 
As far as heat transfer is concerned, the key result of the micro-fin tube study is that the 
micro-fin tube is most beneficial at low mass fluxes. In the wavy-stratified flow regime, the 
micro-fin tube appears to increase wall wetting and create a more turbulent flow which 
dramatically increases the convective heat transfer. This results in an EF which varies from 2 
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to 3 at 37.5 klbm/ft2-hr. In the annular flow regime, the micro-fin tube does not seem to be of 
much benefit. At the high flow rates associated with annular flow, the tube walls are 
sufficiently wet and the flow is turbulent, so the fms are of little benefit. The EF for symmetric 
annular flow is approximately 1. 
4.4.2 Pressure Drop in the Micro-fin Tube 
The pressure drop associated with the micro-fm tube follows a trend which is similar to 
that seen for the smooth tube. Figures 4.55 and 4.56 are two representative plots showing the 
pressure drop versus quality for all three refrigerants for a wavy flow and an annular flow 
case, respectively. These plots show that the pressure drop of the azeotrope is consistently 
lower than R-22 while R-134a is consistently higher. In the wavy flow regime, the pressure 
drop ofR-32/R-125 is 25% less than R-22 while that ofR-134a is 30% higher. In the annular 
flow regime the pressure drop of R-32/R-125 is 45% less than that of R-22 while that of R-
134a is 25% higher. 
Figure 4.57 is a plot of the penalty factor versus mass flux for the three refrigerants. 
This plot indicates that the penalty factor is fairly constant, but it is not well behaved like the 
consistent behavior of the heat transfer enhancement between the refrigerants. The one 
observation that can be made for certain is that the penalty factor of the azeotrope is smaller 
than R-22 and R-134a is larger. 
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Figure 4.6 HTC versus quality for R-134a in a 0.430 in tube at G=75 klbm/ft2_hr 
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Figure 4.8 HTC versus quality for R-22 in a 0.430 in tube at 0=150 klbm/ft2-hr 
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Figure 4.12 HTC versus quality for R-32/R-125 in a 0.430 in tube at 0=225 klbm/ft2-hr 
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Figure 4.13 HTC versus quality for R -22 in a 0.305 in tube at G=37.5 klbm/ft2-hr 
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Figure 4.14 HTC versus quality for R-134a in a 0.305 in tube at G=37.5 klbm/ft2-hr 
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Figure 4.15 HTC versus quality for R-32/R-125 in a 0.305 in tube at 0=37.5 klbm/ft2-hr 
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Figure 4.17 HTC versus quality for R-134a in a 0.305 in tube at G=75 klbm/ft2-hr 
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Figure 4.18 HTC versus quality for R-32/R-125 in a 0.305 in tube at G=75 klbm/ft2-hr 
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Figure 4.19 HTC versus quality for R-22 in a 0.305 in tube at 0=150 klbm/ft2_hr 
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Figure 4.20 HTC versus quality for R-134a in a 0.305 in tube at 0=150 klbm/ft2_hr 
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Figure 4.22 HTC versus quality for R-22 in a 0.305 in tube at G=225 klbm/ft2-hr 
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Figure 4.23 HTC versus quality for R-134a in a 0.305 in tube at 0=225 klbm/ft2_hr 
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Figure 4.24 HTC versus quality for R-32/R-125 in a 0.305 in tube at 0=225 klbm/ft2-hr 
59 
2000 
1600 
... 
.s::,-
~ 0y ~ 1200 ~ .. ' 0:;: 
~ i 
fa e 800 
E!:: 
:1 
::t:: 
400 
o 
lC 
'" 
o 20 
'" 
40 60 
Average Quality, x 
(%) 
'" q"=3200 Btu/hr-tr 
x q"=6400 Btu/hr-tr 
G q"=9600 Btu/hr-ft2 
• q"=I2800 Btu/hr-ft2 
80 100 
Figure 4.25 HTC versus quality for R-22 in a 0.305 in tube at 0=375 klbm/ft2-hr 
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Figure 4.26 HTC versus quality for R-134a in a 0.305 in tube at 0=375 klbm/ft2-hr 
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Figure 4.27 HTC versus quality for R-32/R-125 in a 0.305 in tube at 0=375 klbm/ft2-hr 
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Figure 4.29 HTC versus quality for R-22, R-134a and R-32/R-125 
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Figure 4.30 HTC versus quality for R-22, R-134a and R-32/R-125 in a 0.305 in tube at 
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Figure 4.31 Pressure drop versus quality for R-22 in a 0.305 in diameter 
and 4.17 ft long tube at G=150 klbm/ft2-hr 
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Figure 4.32 Pressure drop versus quality for R-22 in a 0.305 in diameter 
and 4.17 ft long tube at G=225 klbm/ft2-hr 
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Figure 4.33 Pressure drop versus quality for R-22 in a 0.305 in diameter 
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Figure 4.34 Pressure drop gradient versus quali~ for R-32/R-125 at 
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Figure 4.35 Pressure drop versus quality for R-32/R-125 
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Figure 4.38 Return bend pressure drop versus quality at 41°F 
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Figure 4.39 HTC versus quality for R-22 in the micro-fin tube at 0=37.5 klbm/ft2-hr 
1000 
800 
600 
400 
200 
o 
o 20 
0" .. 
40 60 
Average Quality, x 
('fa) 
[] 
0 
o " .. 
0 q"=640 Btu/hr-ft2 
" 
q"=960 Btu/hr-ft2 
.. q"=16oo Btu/hr-ft2 
80 100 
Figure 4.40 HTC versus quality for R-134a in the micro-fin tube at 0=37.5 klbm/ft2-hr 
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Figure 4.41 HTC versus quality for R-32/R-125 in the micro-fin tube at G=37.5 klbm/ft2-hr 
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Figure 4.42 HTC versus quality for R-22 in the micro-fin tube at G=75 klbm/ft2-hr 
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Figure 4.43 HTC versus quality for R-134a in the micro-fin tube at G=75 klbm/ft2-hr 
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Figure 4.44 HTC versus quality for R-32/R-125 in the micro-fin tube at 0=75 klbm/ft2-hr 
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Figure 4.45 HTC versus quality for R-22 in the micro-fm tube at G=150 klbm/ft2-hr 
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Figure 4.46 HTC versus quality for R-134a in the micro-fin tube at G=150 klbm/ft2-hr 
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Figure 4.47 HTC versus quality for R-32/R-125 in the micro-fm tube at 0=150 klbm/ft2-hr 
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Figure 4.48 HTC versus quality for R-22 in the micro-fin tube at 0=225 klbm/ft2-hr 
71 
2000 
1600 
... 
,r::-
.~ 
u f 1200 ~ 
.. I ~ ij 800 ~ 
'5 
0 
::t: 
400 
o 
o 20 
EB 
a 
" 
• 
a 
" 
• 
• 
40 60 
Average Quality, x 
(%) 
" 
• 
• 
• q"=1600 Btu/hr_ft2 
6 q"=3200 Btu/hr-ft2 
" q"=6400 Btu/hr-ft2 
a q"=9600 Btu/hr-ft2 
EB q"=12800 Btu/hr-ft2 
80 100 
Figure 4.49 HTC versus quality for R-134a in the micro-fin tube at 0=225 klbm/ft2-hr 
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Figure 4_50 HTC versus quality for R-32/R-125 in the micro-fin tube at 0=225 klbm/ft2-hr 
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Figure 4.51 HTC versus quality for R-22 in the micro-fm tube at 0=375 klbm/ft2_hr 
2000 
1600 
... 
,&l- 0 
·f 
lC 
A 
fF 
0 
IE 1200 III 0 
8 ",' 0 lC .=: , A .. lC <.!l 0 
ij e 800 GO ~ 0 q"=1600 Btu/hr-ft2 
ii A q"=3200 Btu/hr-tr :I: 
lC q"=6400 8tu/hr-fi2 400 
Q q"=9600 Btu/hr-fi2 
IB q"= 12800 BtuAIr-W 
0 
0 20 40 60 80 100 
Average Quality, x 
(%) 
Figure 4.52 HTC versus quality for R-134a in the micro-fin tube at 0=375 klbm/ft2-hr 
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Figure 4.53 HTC versus quality for R-32/R-125 in the micro-fin tube at G=375 klbm/ft2-hr 
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Figure 4.56 Pressure drop versus quality in a 4.00 ft long micro fin tube for R-22, R-134a 
and R-32/R-125 at 0=225 klbm/ft2-hr with 3200 Btu/hr-ft2 heat flux 
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Chapter 5 
Correlation Development and Comparison 
In order to compare the behavior of the three refrigerants in the computer simulation, 
correlations are needed to predict the heat transfer coefficient and the pressure drop in straight 
and bent tubes. Because of the recent success of Wattelet et al. [1993] and Souza et al. [1993] 
in correlating the heat transfer coefficient and pressure drop, these two correlations will be used 
in the computer simulation. A new correlation for the return bend pressure drop was 
developed as well as a new correlating scheme for the heat transfer coefficient and pressure 
drop in the micro-fm tube. This chapter will begin by comparing the correlations discussed in 
Chapter 2 with the experimental data. Then new correlations for the return bend pressure drop 
in smooth tubes and the HTC and pressure drop in micro-fin tubes will be developed and 
compared to the experimental data. 
5.1 Smooth Tube Pressure Drop 
Figures 5.1 through 5.3 are plots of the predicted versus experimental pressure drop 
for Chisholm, lung and Radermacher, and Souza, respectively. The Chisholm correlation 
consistently underpredicts the data by as much as 50% at high qualities. This is perhaps due to 
the fact that the correlation was originally developed for steam and water mixtures. The lung 
and Radermacher correlation predicts the experimental data fairly well. At low mass fluxes, 
however, the correlation tends to overpredict the data. This can be attributed to the fact that this 
correlation was developed for higher flow rates, and there is no Froude number dependence. 
The Souza correlation does the best job of predicting the experimental data and has a mean 
deviation of 14%. The accuracy of all three correlations is shown in Figure 5.4 which is a plot 
of the percentage of data predicted within a given amount of error. This plots shows that the 
Souza correlation predicts 80% of the data with ±20%. 
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S.2 Smooth Tube Heat Transfer 
Figures 5.5 through 5.8 are plots of the predicted versus experimental HTC for the 
correlations of Shah, Jung and Radermacher, Kandlikar, and Wattelet. The Shah correlation 
generally tends to underpredict the data with a mean deviation of 24.8%. The Jung and 
Radermacher correlation does not do a very good job of predicting the data either. The 
majority of the data which is predicted incorrectly is R-32/R.-125. One possible explanation for 
this is the value of the surface tension which was used in the Stephan and Abdelsalam [1980] 
correlation for nucleate boiling. No surface tension value was available for the mixture, so a 
mole fraction weight average was used. Furthermore, the individual values of surface tension 
used for R-32 and R-125 were taken from different sources and the value for R-125 had to be 
extrapolated to 41°F. Another possible explanation for this is that the Jung and Radermacher 
correlation suppresses nucleate boiling at qualities much lower than the experimental data 
indicates. The fact that Jung and Radermacher's experiments were carried out in a stainless 
steel tube may be responsible for this. It is possible that the maximum cavity radius of a 
stainless steel tube is different than that of a cooper tube. This affects the required wall 
superheat for the onset of bubble nucleation in flow boiling. 
The Kandlikar correlation does a fairly good job of predicting the data and has a mean 
deviation of 13.7%. The good agreement of the predicted and experimental data is perhaps a 
bit misleading because the fluid specific parameter for the azeotrope was not known. The 
suggested method for determining this parameter is to use experimental data. Therefore, the 
experimental data was fit to the model allowing Ffl to vary so that the error was minimized. 
The correlation of Wattelet et al. does the best job of predicting the experimental data and has a 
mean deviation of 10.4%. The relative performance of the four correlations is shown in Figure 
5.9. This plot indicates thattheW-attelet et,al., correlation predicts 90% of the data within 
±20%. 
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5.3 Return Bend Pressure Drop 
The correlations discussed in the literature review both seem to have their 
shortcomings. In the case of a simplified single-phase flow, application of the momentum 
equation to a return bend indicates that e, as defined by Pierre, should in fact be a constant as 
he proposes in his correlation. This, however, does not seem appropriate in a real two-phase 
flow. In a real flow, there are clearly viscous effects, secondary flows, and separation. 
Geary's work on the other hand does seem to address these issues. However, there is one 
troubling aspect of his correlation. The pressure loss in a bend is associated with the 
momentum change of the fluid as is goes through the bend. The large density difference 
between the liquid and vapor means that the momentum associated with the liquid phase is 
much greater than that of the vapor. Therefore, it would seem logical to base the correlation on 
the liquid phase. Geary however bases his correlation on the vapor flow. Because of these 
reasons and the general disagreement between Geary's correlation and the experimental data, 
an attempt was made to develop a new correlation for the return bend pressure drop. 
Because of the success in correlating the friction pressure drop, as well as the heat 
transfer coefficient, with the Lockhart-Martinelli parameter, it has been chosen as the 
correlating parameter. The dimensionless resistance factor e as defined in equation (2.30) is 
used as well as the liquid Reynolds number and O. The proposed correlation takes the form 
where ReI is the liquid Reynolds number given by 
Re, = G(l-x)d 
P, 
(5.1) 
(5.2) 
Using a regression analysis on the R-22 data for all three bends, the values of C1 and 
C2 are 6.93xlO-5 and -0.712, respectively. The mean deviation of the proposed correlation is 
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19% while the correlations of Pierre and Geary have mean deviations of 29% and 40%, 
respectively. 
Figure 5.10 is a plot of the predicted versus experimental bend pressure drop for 
Geary's correlation. As one can see, Geary's correlation greatly underpredicts the 
experimental data by as much as 50%. This is surprising considering the type of bends which 
Geary used in his study. In the present work, the bends were very uniform with no entrance 
or exit disturbances. In Geary's work, the bend sections were soldered to straight tubes so 
there was a disturbance in the flow. Therefore, it would seem that Geary's correlation should 
overpredict the bend pressure drop for this study. 
Figure 5.11 is a plot of the predicted versus experimental pressure drop using the 
correlation of Pierre. The discrepancy between the predicted and experimental pressure drop 
does not seem to follow an obvious trend. With the exception of the two points lying outside 
the ±30% lines, Pierre's correlation tends to slightly underpredict the data at high pressure 
drops. 
Figure 5.12 is a plot of the predicted versus experimental pressure drop using the 
proposed correlation. This plot indicates that the proposed correlation has a large amount of 
scatter at low pressure drops. However, at high pressure drops, the proposed correlation tends 
to predict the experimental data quite well. One of the major difficulties when collecting this 
data was the small magnitudes of the pressures. In many cases, the measured pressure drop 
was of the same order of magnitude as the instrument uncertainty. To help eliminate the effects 
of experimental error, only the data with a bend pressure drop greater than 0.073 psia was 
used. 
5.4 Micro-fin Tube 
A technique similar to that used by Kandlikar will be employed here to correlate the 
micro-fin tube heat transfer and pressure drop data. Correction factors will be introduced into 
existing smooth tube correlations for heat transfer and pressure drop. Because of the success 
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of Wattelet et al. and Souza et al. with smooth tube data, their correlations will serve as the 
basis for the micro-fin tube correlation. 
5.4.1 Micro-fin Tube Heat Transfer Coefficient Correlation 
In the simplest case, a fin increases the heat transfer from a surface solely by increasing 
the surface area. However, in a real flow, as seen in this study, the helical fins also serve to 
increase the turbulence of the flow and increase the tube wall wetting. By modifying the 
smooth tube correlation, an attempt is made to address all three of these issues. 
The basic form of the Wattelet correlation given in equation (2.5) is modified to the 
following form: 
(5.3) 
In this equation, Ecb and Enb are the convective and nucleate boiling heat transfer enhancement 
factors, respectively, and AfinlAsmooth is the ratio between the finned tube and the smooth 
tube areas. For the micro-fin tube that was used in this study, the area ratio, is 1.54. If the 
heat transfer enhancement was due solely to the increase in area, both Ecb and Enb would be 
unity and the HTC would be the smooth tube HTC multiplied by the area ratio. In the actual 
flow however, the HTC is increased because of a increased wall wetting and increased 
turbulence. These two effects are grouped into the convective and nucleate boiling 
enhancement factors. 
To determine the experimental convective and nucleate boiling enhancement factors, the 
data for each refrigerant was broken down into groups based on mass flux. For each mass 
flux, an exhaustive search was used to find the values of the two constants which minimized 
the error between the predicted and experimental data. 
After doing-rhis for-each-mass-flux and'refrigerant, two interesting conclusion were 
drawn. First, the convective and nucleate boiling enhancement factors are primarily functions 
of the tube, and not the refrigerant. This is a result that was also found by Kandlikar. 
Kandlikar also found that the enhancement factors are not a function of the operating 
parameters. The present study indicates results which contradict this idea, and this leads to the 
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second key finding. It has been found that the enhancement factors are strong functions of 
mass flux. As the mass flux is decreased, the EF increases. The contradiction of Kandlikar's 
conclusion is due to the broader range of mass fluxes covered in the present work. The lowest 
mass flux reported by Kandlikar is 186 klbm/ft2-hr compared to 37.5 klbm/ft2-hr for the 
present work. Therefore, all of Kandlikar's work was done in the annular flow regime where 
the heat transfer enhancement of the micro-fin tube is the smallest. 
To account for the mass flux influence, a Froude number dependent enhancement factor 
of the following form is assumed 
ECb = 1.5 Frl ~ 0.25 
Ecb = 0.528Fr~.lO Frl > 0.25 
Eob = 0.916Fr~·26 Fr ~ 0.25 
Enb = 0.6 Fr > 0.25 
R = 1 for all Frl 
(5.4) 
Figure 5.13 is a plot of the convective and nucleate boiling enhancement factors from 
equation (5.4) versus Froude number. This plot shows the key results of the micro-fin study. 
Recall that in a smooth tube at a low mass flux, the convective contribution to heat transfer is 
small and nucleate boiling dominates. In the micro-fin tube, as indicated in Figure 5.13, the 
convective heat transfer is significantly increased by as much as 3.5 times for low mass fluxes 
which correspond to wavy flow. At high flow rates, there is little or no increase in either of the 
heat transfer mechanisms due to the micro fins. 
The lowest mass flux that Kandlikar tested corresponds to a Froude number of 0.4. As 
indicated by Figure 5.13, in this range the EF is least affected by mass flux. A much larger 
variation in the EF is realized at Froude numbers less than 0.4. It is therefore understandable 
why Kandlikar reached the conclusion he did. 
Figure 5.14 is a plot of the predicted HTC for the micro-fin tube using the proposed 
correlation versus the experimental data. The predicted values are generally in good agreement 
with the experimental data. The mean deviation of the predicted values is 12.5%. The 37.5 
klbm/ft2-hr set of data for R-134a shows the only significant deviation from the proposed 
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correlation. These are the data points which are overpredicted at 350 Btu/hr-ft2-F. No 
explanation of this peculiar behavior is given, but if this set of 11 data points is removed, the 
mean deviation of the correlation is reduced to 9.8%. 
5.4.2 Micro-fin Tube Pressure Drop Correlation 
Unlike the HTC enhancement of the micro-fin tube which does not seem to be fluid 
dependent, the pressure drop penalty factor indicates a fluid dependence as seen in Figure 
4.58. Furthermore, the only trend which can be attributed to the PF is that it appears to be 
fairly constant. Therefore, to correlate the micro-fin pressure drop data, the Souza correlation 
is modified with a fluid dependent correction factor, Ffl. 
It is assumed that this parameter is constant with all operating parameters and it is only 
a function of the fluid. This parameter is determined by using an exhaustive search to 
minimizing the error of the predicted value of the proposed correlation. The correlation has the 
following form: 
(5.5) 
where M'smooth is the predicted pressure drop of a corresponding smooth tube using equation 
(2.15). The values of the fluid specific parameter are given in Table 5.1. 
Table 5.1 
Fluid Specific Parameter for Pressure Drop Correlation 
Refrigerant Pfl 
R-22 1.37 
R-134a 1.48 
R-32/R-125 1.20 
Using the fluid specific parameter correlates the data quite well. Figure 5.15 is a plot of the 
predicted pressure drop using the proposed correlation versus the experimental values. The 
agreement is good with a mean deviation of 11.5% with the exception of one point. 
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Chapter 6 
Computer Simulation 
Using computer models to aid in the design of individual components and systems is an 
important tool. Making a change to system variables in such a model is easy, and the 
consequences of the change can be seen virtually instantaneously. The computer simulation 
portion of this study will focus on a computer model used to investigate the evaporator 
performance with the three refrigerants. A subsequent investigation wi11look at the effect of 
including bend pressure drop and the enhanced tube on the simulation results. The next 
portion of the investigation will examine optimum evaporator tube sizing considering both tube 
diameter and length. For the smooth tube investigation, the computer model uses the 
correlations proposed by Wattelet and Souza to determine the HTC and pressure drop, 
respectively. For the return bend and enhanced tube investigation, the correlations which were 
developed in Chapter 5 are used. 
6.1 Computer Model 
The main reason for using a computer model to compare the refrigerants is to integrate 
the effects of pressure drop and heat transfer to see the combined effect. The computer models 
for the comparison and optimization portions of this investigation are very similar. The 
computer simulation begins at the outlet of the evaporator and works toward the inlet. The 
general equation which governs the heat transfer to the refrigerant is Fourier's Law which is 
defined as 
I1T q=-
r Riot 
(6.1) 
where I1T is the temperature difference between the air and the refrigerant. Neglecting the 
thermal resistance of the tube wall, Riot is the total resistance to heat transfer and is defined as 
1 
Riot = Rair + --hndl 
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(6.2) 
For a discrete small length, the routine calculates the local heat transfer coefficient using 
the Wattelet correlation and the corresponding quality change using the first law of 
thermodynamics. The frictional pressure drop is then calculated over the same length 
increment with the Souza correlation. With the calculated quality change, the acceleration 
pressure drop is determined using equations (2.20) and (2.21). The acceleration and frictional 
pressure drops are then added to the outlet condition and this gives the inlet pressure to the 
small increment. This new inlet pressure is then used to find the corresponding increase in 
saturation temperature. This process is continued until the given evaporator inlet state is 
reached The basic solution algorithm is outlined schematically in Figure 6.1, and a hard copy 
of the True Basic code is given in Appendix C. 
The final condition (the inlet condition) is the only major difference between the two 
solution procedures. In the comparison scheme, the required output is the length of the 
evaporator given the inside tube diameter. It is assumed that in a real system, condensation is 
followed by a constant enthalpy expansion to the evaporator inlet. Therefore, the stopping 
criterion is the evaporator inlet enthalpy. In the case where an optimal design is being 
investigated, the inlet quality is the stopping criterion. 
All of the property data for R -22 and R -134a, except the viscosity and specific heat, is 
calculated using E.E.S software. The viscosity and specific heat for R-22 and R-134a along 
with all of the property data for R-32/125 is calculated using Refpropx from N.I.S.T. All of 
the property data are curve fit using a third degree polynomial over a temperature range of -4 OF 
to 113 oF. 
6.2 Simulation Conditions 
The basic idea for the simulation is to examine how the two alternative refrigerants, R-
134a and R-32/125, will perform relative to R-22. The simulation assumes an air side 
resistance which is based on the supposition that the refrigerant resistance is approximately 
25% of the total resistance. So for an average refrigerant heat transfer coefficient of 620 
Btu/hr-ft2-oF and a tube diameter of 0.350 in, an air side resistance of 0.0531 °F-ft-hrlBtu is 
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obtained. The condenser outlet temperature is assumed fixed at 113 of, and the outlet condition 
of the evaporator is assumed fixed as saturated vapor at 41°F. Table 6.1 shows the values of 
the assumed parameters for the simulation. 
Table 6.1 
Simulation Conditions 
Parameter Value 
Mass Flow Rate (lbm/hr) 40-280 
Tube Diameter (in) .350 
Evaporator Exit Temperature (oF) 41 
Condenser Exit Temperature (oF) 113 
Air Temperature eF) 77 
R'air eF-ft-hrlBtu) 0.0531 
6.3 Simulation Results 
The first part of the simulation investigation compares the cooling capacity and pressure 
drop of the three refrigerants in a straight, smooth tube. As expected from the trends seen in 
the experimental data, R-32/125 appears to outperform R-22 while R-134a shows a weaker 
performance. Figure 6.2 is a plot of the cooling capacity of the three refrigerants versus tube 
length. This plot shows that the cooling capacity of the azeotrope is greater than that of R-22 
while the cooling capacity of R -134a falls below R -22. From equations (6.1) and (6.2), two 
parameters are recognized which affect the cooling capacity. The first parameter is the higher 
heat transfer coefficient of the azeotrope. With a higher heat transfer coefficient, the total 
resistance is decreased as indicated by equation (6.2), thereby increasing the heat transfer. 
The other parameter responsible for increasing the cooling capacity of the azeotrope is llT. R-
32/125 has a larger llT because its pressure drop is less than either R-22 or R-134a. With a 
smaller pressure drop, the temperature difference between the air and the refrigerant is greater, 
allowing more heat transfer takes place. 
The pressure drop versus cooling capacity of the three refrigerants is shown in Figure 
6.3. Because the heat of vaporization of R-32/125 is 15% higher than R-22, a longer tube is 
required to fully evaporate the refrigerant at a given mass flow rate. This results in a pressure 
drop which is too large when compared directly to R-22. Therefore, by plotting the pressure 
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drop versus cooling capacity, the comparison is based on an equivalent cooling capacity. As 
expected, the pressure drop associated with R-32/125 is less than R-22, and the pressure drop 
associated with R-134a is higher. 
6.4 Return Bend Pressure Drop 
In order to include the pressure drop due to the return bend in the computer simulation, 
a specific evaporator geometry must be chosen. Therefore, it is assumed that the maximum 
tube length of anyone pass is 18 in. To determine the number of passes at a given flow rate, 
the tube length determined from the previous straight tube simulation is divided by the single 
pass length of 18 in. This implies that as the mass flow rate is increased (i.e. the length is 
increased), the number of required bends is increased as well. Table 6.2 lists the number of 
bends for each condition considered. 
Table 6.2 
N umber of Return Bends with D= 1.90 in 
Number of bends 
Mass flow rate(kg/s) R-22 R-134a R-32/R-125 
24 3 3 3 
80 7 7 8 
120 11 11 11 
160 14 14 15 
200 19 19 19 
240 24 28 23 
280 31 t 28 
t Results in a pressure drop which requires the inlet evaporator pressure to be greater than 
the condenser outlet pressure. 
When constructing a model, the assumptions on which the model is based must 
accurately reflect the real system. As is often the case, this proves to be difficult. In this 
particular case, a real evaporator would probably not have one circuit requiring 31 passes to 
fully evaporate the refrigerants. Rather, multiple circuits would be used. However, this 
simplified model will hopefully give some insight into the pressure drop associated with return 
bend. 
Figure 6.4 is a plot showing the percentage increase in pressure drop versus mass flux 
(Le. cooling capacity) when the bend pressure drop is included in the model. The pressure 
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drop increases by 5% at the lowest flow rate to over 100% at the highest flow rate. This 
indicates that the return bend pressure drop is not negligible and needs to be accounted for even 
at low flow rates. 
The effect of the bend diameter on the total pressure drop is show in Figure 6.5 which 
is a plot of the percentage increase in pressure drop versus the bend diameter. At the smallest 
possible bend diameter, one tube diameter, the pressure drop increases by 90% when the bends 
are included. As the diameter of the bends is increased, the total pressure drop is reduced. If 
an evaporator has a bend diameter equal to six tube diameters, Figure 6.5 indicates that the 
pressure drop increase resulting from the bends may increase the total pressure drop by as 
much as 35%. This is a very large increase in the overall pressure drop, and this is precisely 
why multiple circuits are used in a real evaporator. 
6.5 Enhanced Tube 
The correlations developed in Chapter 5 for the enhanced tube are used in the computer 
simulation to investigate the behavior of the micro-fin tube. Figure 6.6 is a plot of the cooling 
capacity associated with the enhanced tube versus tube length. This plot shows curves for both 
the smooth (Figure 6.2) as well as for the enhanced tube. The curves for all three refrigerants 
in the micro-fm tube follow a trend similar to that of the smooth tube. The interesting aspect of 
this plot is the intersection of the two curves. The increase of the HTC for the micro-fin tube 
decreases the required length of evaporator tube to achieve the same amount of cooling. When 
these two curves cross, the tradeoff between increased heat transfer and increased pressure 
drop are realized. At this point, the same length of enhanced tube is required to fully evaporate 
the flow as would be required for a smooth tube. The lower pressure drop and higher HTC of 
the azeotrope pushes the break-even.point to higher values of cooling capacity (Le. higher mass 
flow rates) compared to R-22, while R-134a shows the opposite trend. To the left of the 
break-even point, even with a higher pressure drop, the increase in heat transfer due to the 
micro fins increases the cooling capacity over that of the smooth tube. To the right of the 
break-even point, the heat transfer in the micro-fin tube is similar to that of the smooth tube, so 
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with the increased pressure drop, a longer micro-fin tube is required compared to that of a 
smooth tube. 
Because of the high HTC and low pressure drop of the azeotrope, the benefits of the 
micro-fin tube are not as pronounced as they are for R-134a. R-134a has the largest reduction 
in required tube length for a given tube diameter whereas R-32/R-125 has the smallest 
reduction. The predicted increase in the cooling capacity resulting from using a micro-fin tube 
is quite small. In fact, the maximum increase in the cooling capacity associated with the micro-
fin tube is approximately 4% and 8% for R-32/R-125 and R-134a, respectively. Intuitively, 
this increase in cooling capacity seems too small. It is believed that the constant value of the 
air-side resistance is at least partially responsible for this low estimate. 
6.6 Optimization of Evaporator Length 
The first topic to be investigated is the required evaporator tube length for a given tube 
diameter. At a given mass flow rate, as the tube diameter is decreased, the heat transfer 
increases; however, the pressure drop also increases. Therefore, it seems logical that the 
pressure drop penalty will eventually outweigh the heat transfer gain as the tube diameter is 
decreased. This portion of the investigation does not involve comparisons between the 
refrigerants, but rather simply an understanding of the expected trends. 
The refrigerant used in this simulation is R-22. Two different sets of test conditions 
were run. The first set of conditions are those which correspond to typical household 
refrigerators. These conditions correspond to relatively low flow rates with the majority of the 
evaporation taking place in the wavy flow regime. The second set of test conditions are those 
which correspond to stationary air-conditioning applications. These conditions correspond to 
relatively highflowrates.with the evaporation taking place primarily in the annular flow 
regime. The test conditions for the optimization are summarized in Table 6.3. 
Figure 6.7 shows a plot of the required evaporator tube length versus inside tube 
diameter for the two sets of test conditions. This plot shows that the low flow rate conditions 
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indicate a smaller optimum tube diameter, and it also shows that both sets of conditions display 
similar behavior. 
Table 6.3 
Optimization Test Conditions 
Parameter High Flow Rate Low Flow Rate 
Mass Flow Rate 801bm/hr 101bm/hr 
Exit Saturation Temp. 41°F -4 of 
Air Temperature 77°F 14°F 
Air-Side Resistance 0.0467 °F-ft-hrlBtu 0.1570°F-ft-hrlBtu 
Inlet QualiJY 20% 20% 
The shape of the curves is due mainly to the pressure drop which is proportional to 
d-4·75. So, as the diameter is increased, the pressure drop approaches zero. Conversely, as the 
diameter is decreased, the pressure drop increases very rapidly. The strongest relationship 
between the heat transfer and diameter is d-1.8. Thus, as the diameter is decreased, the heat 
transfer coefficient increases with d-1.8 while the pressure drop increases much more rapidly 
with d-4·75. The large increase in pressure drop decreases the temperature difference, fiT, so 
even though the heat transfer coefficient increases, the combined effect is a decrease in the 
amount of heat transfer. Consequently, smaller diameters require longer tubes. 
The curve for the low mass flow rate conditions is shifted to smaller diameters because 
at the low mass flow rates the pressure drop is less for a given diameter than at the high flow 
rates. 
Based on the curves in Figure 6.7, a clear optimum tube diameter is not necessarily 
obvious. However, the required evaporator lengths do not change very much for diameters 
greater than 0.236 in and 0.354 in, respectively. Considering material costs, the optimal 
diameters are these two smallest values with the corresponding evaporator lengths of 
approximately 19.7 ft and 16.4 ft, respectively. 
Granryd [1992] conducted a study of the optimum sizing of evaporators in which he 
considered simple empirical correlations for pressure drop and heat transfer. His results 
indicate that the optimum evaporator tube diameter is one which results in a pressure drop, 
based on the loss of saturation temperature, which corresponds to approximately 25% of the 
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temperature difference driving the heat transfer. Figures 6.8 and 6.9 show the predicted 
optimal pressure drop by Granryd and the simulation pressure drop in terms of drop in 
saturation temperature for the high and low flow rate conditions, respectively. The intersection 
of these two curves is the optimum predicted by Granryd for the conditions considered. One 
can see that our predictions made earlier are in line with what Granryd predicts. Specifically, 
Granryd predicts an optimum tube diameter of 0.354 and 0.217 in for the high and low flow 
rates, respectively. 
The flat portions of the curves in Figure 6.7 show the key result of the optimization 
study. Because the required tube length is fairly constant as the tube diameter is increased 
beyond the optimum, the penalty of oversizing the tube diameter is much less severe than 
undersizing it. 
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Chapter 7 
Conclusions and Recommendations 
The goal of this work was to compare the heat transfer and pressure drop characteristics 
of two potential replacement refrigerants, R -134a and R -32/R -125, to R -22. The comparison 
was made using experimental data, correlations from the literature, and a computer model. A 
separate investigation was also conducted on the pressure drop due to return bends. 
Local, in-tube heat transfer coefficient and pressure drop data were collected in both 
smooth and micro-fin straight tubes. The experimental data collected in the smooth tubes 
indicates that the HTC ofR-32/R-125 is higher than that ofR-22 in almost all instances. Over 
a quality range of 20% to 80% in the annular and wavy flow regime, R-134a and R-22 show 
very similar heat transfer behavior. R-32/R-125 on the other hand, has a 27% and 58% higher 
average HTC than that of R-22 in the annular and wavy flow regimes, respectively. At high 
mass fluxes and moderate heat fluxes, the average HTC of all three refrigerants is similar in 
magnitude. This appears to be the result of the lower convective heat transfer of R-32/R-125 
and R-22 compared to that of R-134a. 
The experimental pressure drop data for all three refrigerants follow very similar trends 
in both the smooth and micro-fin tubes. At moderate heat fluxes, the pressure drop ofR-32/R-
125 is 33% less than that of R-22, and at similar conditions, the pressure drop of R-134a is 
50% greater than that of R-22. Perhaps one of the most interesting results of the pressure drop 
study was the observation of the increase of pressure drop at low mass fluxes with heat flux. 
At high mass fluxes, however, the affect of acceleration pressure drop was diminished and the 
pressure drop became essentially independent of heat flux. 
ThelocalHTCdatain the micro-fin tube show some interesting trends which are not 
seen in the smooth tubes. Contrary to Kandlikar's findings, the enhancement factor (EF) was 
found to decrease with the mass flux. This trend indicates that the micro-fin tube is most 
beneficial at low mass fluxes. In the wavy-stratified flow regime, the micro fins tend to 
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increase the convective heat transfer by increasing wall wetting and turbulence. In the 
symmetric annular flow regime (0::=375 klbm/ft2-hr), where the tube walls are completely wet, 
no significant gain in heat transfer is realized from the micro fins but there is an increase of 
pressure drop. The heat transfer EF was found to vary between 2 and 3 at 37.5 klbm/ft2-hr, 
while it decreased to nearly 1 at 375 klbm/ft2-hr. The pressure drop and the penalty factor 
(PF) of the micro-fin tube increase with mass flux. The PF was found to vary between 1.1 to 
1.6, and it does not show a strong dependence on the mass flux. 
The smooth tube correlations of Wattelet et al. and Souza et al. were modified with 
correction factors so that they could be used with the micro-fin tube. The Froude number 
dependent EFs in the heat transfer coefficient correlation indicate that both the nucleate and 
convective enhancement resulting from the micro fms are almost negligible at G=375 klbm/ft2-
hr. However, at G=37.5 klbm/ft2-hr while the nucleate boiling enhancement is still small, the 
convective enhancement approaches a value as high as four. The PF seems to be more fluid 
dependent than the EF, but it does not seem to be as dependent on the operating conditions as 
does the EF. 
Experimental data for the pressure drop due to return bends indicate that the 
temperature, centerline bend diameter, mass flux, and quality all strongly influence the bend 
pressure drop. The two correlations from the literature which predicted the pressure drop due 
to return bends both seemed to have shortcomings, so a new correlation was developed. The 
proposed correlation predicts the pressure drop quite well at high pressure drops, but it does 
not do such a good job at low pressure drops. This may be partially due to experimental 
uncertainty in the differential pressure transducer. 
The computer model used to compare the refrigerants indicates that R-32/R-125 
consistently outperforms R-22 while R-134a consistently shows a weaker performance than R-
22. The cooling capacity of R-32/R-125 is higher than that of R-22 while the pressure drop is 
lower. When the micro-fin tube correlation is included in the computer model, R-134a shows 
the largest improvement in cooling capacity at 8% over the smooth tube value. This gain seems 
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too small, and it may be a result of the constant air-side resistance which was assumed in the 
model. When the pressure drop associated with return bends is incorporated in the computer 
model, it is found that the total pressure drop may be increased by as much as 30% in a single 
circuit serpentine evaporator. 
The optimization of the evaporator tube length and diameter indicates that the required 
evaporator length is fairly constant over a large range of diameters and the minimum diameter 
in this range can be taken as the optimum. From the optimum point, the required length 
increases rapidly as the diameter is decreased. The optimum dimensions obtained by this 
method agree quite well with the optimization given by Granryd. Because the required length 
is fairly constant for diameters greater than the optimum, the penalty for slightly oversizing the 
evaporator tube diameter is much less severe than that of undersizing it 
Recommendations for future work are the following: 
1) The correlation for the pressure drop of the return bends needs to be refined in the low 
pressure drop region. 
2) More data at low flow rates should be collected in the micro-fin tube to investigate the 
peculiar behavior of R -22. 
3) A more accurate model of the air side resistance should be incorporated in the computer 
model. 
4) More low mass flux data needs to be collected for the azeotrope to investigate the decreasing 
HTC with quality. 
5) Additional testing in different micro-fin tube geometries. 
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Appendix A 
Data Reduction Procedures 
A.I Data Reduction 
The experimental data is collected using a micro computer and Strawberry Tree™ 
software. The raw data is logged to a text file and then reduced using Excel™. The data is 
logged to a fIle with a title of the following format: 
tptl-7n/93 
where tpt refers to a two-phase test, 1 refers to the test number, and 7 n /93 is the date the test 
was run. 
To reduce the experimental data, the following procedure is used. 
1. All of the data that is to be reduced is placed in the folder named "To Reduce". 
2. Open the fIrst raw data fIle (e.g. tptl-7n/93), and copy 60 seconds of data to the clipboard. 
3. Open the Excel™ worksheet "STE-Property data". (STE refers to the Single Tube 
Evaporator) 
4. Open the Excel™ worksheet "STE-Data Reduction". 
5. Paste the raw data into "STE-Data Reduction" starting at cell All. 
6. Close the raw data file. 
7. Open the Excel™ work sheet "STE-LS". (LS refers to ledger sheet) 
8. Once this file is open, the data will automatically be reduced. In the ledger sheet, record the 
test number in cell F43, record the type of refrigerant being tested in cell CU, record the data 
disk number in cell C12, record the operators name in cell F43, and record the inlet and outlet 
flow patterns in cells F44 and F45, respectively. 
9. Using "Save As", save the ledger sheet fIle in the folder "To File" using the following 
format: LS-tptl-7 n /93. Print the ledger sheet A typical ledger sheet is shown in Figure A.l. 
10. Close the ledger sheet window. 
11. Using "Save As", save the file STE-Data Reduction astptl-7n/93 in the "To File" Folder. 
The experimental data is backed up three ways. First a hard copy of the ledger sheet is 
kept in a binder. Second, the raw data is saved on the data acquisition computer. Third, the 
ledger sheet created in step 9 and the tpt file created in step 11 are saved on a data disk. The 
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"To File" folder is saved to a 3.5" floppy disk which is called the Data Disk. The Data Disks 
are numbered consecutively starting at 1. Presently there are approximately 200 Data Disks. 
A.2 Changing Refrigerants and/or Test Sections 
When a refrigerant is changed, two curve fits in the data reduction macro need to be 
changed. The curve fits are for the saturated liquid enthalpy and for the heat of vaporization. 
When a test section is changed, the dimensions of the test section and the uncertainties in the 
measurements need to be changed. 
In order to make these changes easier, the macro "STE-properties" was created. This 
macro sheet contains all of the refrigerant and test section specifications which are used in the 
data reduction procedures. The portion of the macro sheet which needs to be changed when a 
new test section or refrigerant is used is shown in Figure A.2. 
The macro sheet is fairly self explanatory. The mass flow diameter and heat transfer 
diameter allow for flexibility when testing a micro-fin tube. For example, the heat transfer 
coefficient calculation uses the maximum inside diameter. The flow rate calculation, on the 
other hand, uses the average inside diameter. The heat transfer length is the actual length of 
tube which is being heated. The pressure drop length is the distance between the pressure taps. 
"Dist to 1st group" refers to the distance form the beginning of the heated section to the first 
group of thermocouples. The curve fits for hI and hlg are third order polynomial fits. The 
uncertainties are determined from the instrument calibration and the measurement of the actual 
test section diameter and length. 
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Single Tube Evaporator Two Phase Test 
Run #: 4 
Date: 7/16/93 
Test Section: 6 
HX Length (in.): 42 in. 
dP Length (in.): 46 in. 
HX Diameter(mm): 8.90 
Row Diameter(mm): 8.70 
Refrigerant: R-321125 
Data Disk: 21 2 
8" frontside: 7.5C 
top: 7.5C 
backside: 7.4C 
bottom: 8.1 C 
h local: 4189 
TIocaI: 7.7C 
T bulk local: 5.3C 
16" frontside: 7.6C 
top: 8.0C 
backside: 8.4C 
bottom: 7.1 C 
h local: 4055 
TIocaI: 7.8C 
T bulk local: 5.4C 
34" frontside: 7.8C 
top: 7.7C 
backside: 8.2C 
bottom: 7.4C 
hlocal: 4101 
T local: 7.8C 
T bulk local: 5.4C 
42" frontside: 7.4C 
top: 7.7C 
backside: 7.7C 
bottom: 8.1 C 
h local: 4263 
TIocaI: 7.7C 
T bulk local: 5.5C 
Inlet Sal Temp.(C): 5.3 
Heat Rux (kWIm"2): 9.7 
Mass Rux (kgls-m"2): 100.4 
Inlet quality (%): 20.3 
Outlet quality (%): 40.9 
Inlet Pressure (kPa): 953.7 
Oil Type: none 
Oil Concentration: 0.0% 
temp. (C) 
before rcvr: -4.2 
before pump: N/A 
before PH: -1.5 
TS inlet: 5.3 
TS outlet: 5.5 
HX inlet: 22.8 
HX outlet: N/A 
after FLH: 0.6 
power(W) 
Test Section: 284.78 
Preheater: 333.24 
FLH: 5745.81 
Quality difference: 
Preheater subcooling: 
Receiver subcoolina: 
Comments: 
TXV: High 
Operator: BRC 
Inlet Row Pattern: Wavy Row 
Outlet Row Pattern: Wavy Row 
Figure A.1 
Typical ledger sheet 
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h overall1 (W/m"2-K): 4152 
h overall2 (W/m"2-K): 4150 
Uncertainty: 12.4% 
Test Section dP 1st half: 0.15 kPa 
Total Test Section dP: 0.33 kPa 
press. (kPa) enthalpy (kJ/kg) 
987.2 50.2 
N/A 
959.1 53.8 
953.7 
953.4 
N/A 
N/A 
N/A 
(W/m"2-K) 
hq: 4229 
hTs: 3767 
hTb: 4540 
dh: 516 
20.6% 
6.7C 
10.2 C 
7 
=0.00775 
=0.00775 
=1.1176 
=1.27 
=0.21082 
=0.42164 
=0.63246 
=0.84328 
=56.517 
=1.417 
=0.00015645 
=0.00013479 
=236.9 
=-1.08 
=0.0020097 
=-0.00019684 
=0.1828 
=0.003 
=0.2 
=0.2 
Test Section 
Mass Flow Diameter (m) 
Heat Trans Diameter (m) 
Heat Trans Length (m) 
Pressure Drop Length (m) 
Dist to 1st group (m) 
Dist to 2nd group (m) 
Dist to 3rd group (m) 
Dist to 4th group (m) 
hI(1) 
'el ==> C 
'e2 ==> C2*T 
'e3 -> C3*TA2 
'c4 >C4*TA3 
hlg(1) 
'el ==> C 
'e2 ==>C2*T 
'e3 -> C3*TA2 
'c4 -> C4*TA3 
q Uncertainty (W) 
A Uncertainty (mA2) 
Ts Uncertainty (OC) 
Th Uncertainty eC) 
FigureA.2 
STE-Properties macro sheet 
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Appendix B 
Data Tables 
This appendix contains all of the experimental data which is presented in the main body of this 
thesis. 
Table B.1 
Experimental Data for R-22 in 0.305 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h .1P 
(oF) (klbm/ft2-hr) (Btu!hr -ft2) (%) (%) (Btu/hr-ft2- (psia) 
"F) 
41 150 1600 20 28.2 392 0.17 
41 150 1600 40 48.5 424 0.34 
41 150 1600 60 68.7 513 0.56 
41 150 1600 80 87.8 623 0.65 
41 150 3200 20 36.6 522 0.21 
41 150 3200 40 55.9 506 0.39 
41 150 3200 60 76.1 556 0.61 
41 150 3200 80 95.9 688 0.63 
41 150 6400 20 52.8 742 0.34 
41 150 6400 40 72.8 729 0.55 
41 150 6400 60 92.4 697 0.69 
41 150 9600 20 68.8 947 0.47 
41 150 9600 40 89.0 915 0.69 
41 150 12800 20 84.5 1124 0.60 
41 225 1600 20 25.9 445 0.35 
41 225 1600 40 44.8 610 0.81 
41 225 1600 60 66.3 757 1.22 
41 225 1600 80 86.3 843 1.36 
41 225 3200 20 31.2 547 0.42 
41 225 3200 40 50.9 609 0.90 
41 225 3200 60 70.4 731 1.29 
41 225 3200 80 91.2 867 1.37 
41 225 6400 20 41.7 748 0.57 
41 225 6400 40 61.5 696 1.05 
41 225 6400 60 82.3 865 1.38 
41 225 9600 20 52.2 944 0.77 
41 225 9600 40 71.8 872 1.20 
41 225 9600 60 91.9 944 1.50 
41 225 .12800 20 62.4 872 0.95 
41 375 6400 20 26.9 913 1.11 
41 375 6400 40 46.7 1116 2.13 
41 375 6400 60 67.1 695 2.90 
41 375 6400 20 33.7 853 1.33 
41 375 6400 40 53.4 1065 2.42 
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Table B.l (continued) 
Experimental Data for R-22 in 0.305 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h ~p 
(oF) (klbm/ft2-hr) (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
Of') 
41 375 6400 60 72.6 1118 3.11 
41 375 9600 20 39.4 945 1.51 
41 375 9600 40 59.4 954 2.54 
41 375 12800 20 46.3 1078 1.78 
41 375 12800 60 86.0 1157 3.17 
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Table B.2 
Experimental Data for R-134a in 0.305 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h L1P 
(oF) (klbm/ft2- (Btu/hr -ft2) (%) (%) (Btu/hr -ft2- (psia) 
hr) "F) 
41 75 960 60 70.1 346. 0.19 
41 75 960 80 90.1 418 0.23 
41 75 1600 40 56.8 290. 0.14 
41 75 1600 60 76.8 347 0.20 
41 75 1600 80 96.8 383 0.24 
41 75 3200 40 73.6 421 0.20 
41 75 3200 60 93.6 397 0.25 
41 150 1600 20 28.4 410 0.24 
41 150 1600 40 48.4 444 0.56 
41 150 1600 60 68.4 549 0.84 
41 150 1600 80 88.4 684 0.92 
41 150 3200 20 36.8 504 0.32 
41 150 3200 40 56.8 531 0.64 
41 150 3200 60 76.8 598 0.90 
41 150 3200 80 96.8 683 0.92 
41 150 6400 20 53.6 710 0.53 
41 150 6400 40 73.6 721 0.84 
41 150 6400 60 93.6 698 1.00 
41 150 9600 20 70.4 915 0.76 
41 150 9600 40 90.4 908 1.03 
41 150 12800 20 87.3 1076 0.95 
41 225 960 20 23.4 453 0.49 
41 225 1600 20 25.6 468 0.54 
41 225 1600 20 25.6 438 0.54 
41 225 1600 40 45.6 615 1.26 
41 225 1600 60 65.6 817. 1.77 
41 225 1600 80 85.6 1087 0.65 
41 225 3200 20 31.2 817 0.63 
41 225 3200 20 31.2 1087 1.82 
41 225 3200 60 71.2 482 1.86 
41 225 3200 80 91.2 547 0.90 
41 225 6400 20 42.4 831 0.91 
41 225 6400 20 42.4 1005 1.95 
41 225 6400 60 82.4 673 1.24 
41 225 9600 20 53.6 713 1.19 
41 225 9600 20 53.6 946 2.01 
41 225 9600 60 93.6 914 0.00 
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Table B.2 (continued) 
Experimental Data for R-134a in 0.305 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h ~p 
(oF) (klbm/ft2- (Btu/hr -ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) Of) 
41 225 12800 20 64.8 1067 1.46 
41 375 3200 20 26.7 713 1.70 
41 375 3200 40 46.7 931 3.03 
41 375 6400 20 33.5 900 2.01 
41 375 6400 40 53.5 991 3.29 
41 375 9600 20 40.8 1054 2.34 
41 375 12800 20 46.9 1191 2.81 
43 375 9600 40 60.2 1009 3.48 
46 375 3200 60 66.7 1067 3.48 
48 375 6400 60 73.5 1136 3.57 
48 375 9600 60 80.2 1244 3.61 
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Table B.3 
Experimental Data for R-32/R-125 in 0.305 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h L\P 
(oF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) "F) 
41 150 1600 32 37.4 568 0.17 
41 150 1600 43 48.2 584 0.25 
41 150 1600 71 75.9 604 0.44 
41 150 1600 90 95.0 708 0.42 
41 150 3200 32 42.5 829 0.22 
41 150 3200 42 52.6 771 0.29 
41 150 3200 72 81.8 766 0.48 
41 150 6400 32 52.3 1161 0.31 
41 150 6400 42 62.1 1088 0.38 
41 150 6400 70 90.6 925 0.51 
41 150 9600 31 61.8 1375 0.40 
41 150 9600 41 72.0 256 0.47 
41 150 3200 32 72.6 1538 0.49 
41 225 1600 11 14.8 582 0.16 
41 225 1600 32 35.5 661 0.40 
41 225 1600 54 56.9 690 0.72 
41 225 1600 91 94.1 869 0.85 
41 225 3200 32 38.7 889 0.47 
41 225 3200 53 59.8 867 0.79 
41 225 3200 72 79.2 889 1.00 
41 225 3200 89 96.1 963 0.86 
41 225 6400 0 14.4 1254 0.21 
41 225 6400 32 46.0 1215 0.59 
41 225 6400 53 66.5 1182 0.90 
41 225 6400 73 86.8 1098 1.07 
41 225 9600 32 52.2 1484 0.70 
41 225 9600 52 72.7 1411 1.02 
41 225 9600 73 93.8 1484 1.05 
41 225 3200 31 58.7 1411 0.83 
41 225 3200 51 78.7 1197 1.13 
41 375 3200 20 24.1 1662 0.67 
41 375 3200 40 44.1 1592 1.38 
41 375 3200 60 64.1 725 2.06 
41 375 6400 20 28.2 832 0.81 
41 375 6400 40 48.2 1023 1.53 
41 375 6400 60 68.1 1005 2.18 
41 375 9600 20 32.3 1320 0.97 
41 375 9600 40 52.3 1400 1.71 
41 375 9600 59 71.6 1470 2.35 
41 375 3200 20 36.4 1533 1.13 
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Table B.4 
Exoerimental Data for R-22 in 0.430 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h AP 
eF) (klbm/ft2- {BtuIhr-ft2} (%) (%) (BtuIhr-ft2- (psia) 
he) Of') 
41 150 1600 40 45.6 362 0.17 
41 150 1600 60 65.8 441 0.31 
41 150 1600 80 85.7 499 0.39 
41 150 1600 90 95.5 585 0.37 
41 150 3200 40 51.1 446 0.21 
41 150 3200 60 71.4 498 0.34 
41 150 3200 80 91.3 563 0.40 
41 150 6400 20 42.2 652 0.17 
41 150 6400 40 62.4 697 0.28 
41 150 6400 60 82.4 726 0.42 
41 150 9600 40 73.1 910 0.37 
41 150 9600 60 93.7 952 0.48 
41 225 1600 20 23.7 429 0.17 
41 225 1600 20 23.8 431 0.18 
41 225 1600 25 28.7 416 0.23 
41 225 1600 30 33.6 425 0.29 
41 225 1600 35 38.8 439 0.34 
41 225 1600 40 43.7 467 0.42 
41 225 1600 40 43.7 464. 0.44 
41 225 1600 45 48.7 491 0.51 
41 225 1600 50 53.7 510 0.58 
41 225 1600 55 58.7 532 0.65 
41 225 1600 60 63.7 546 0.72 
41 225 1600 65 68.6 586 0.77 
41 225 1600 70 73.7 603 0.82 
41 225 1600 75 78.7 609 0.88 
41 225 1600 80 83.7 621 0.87 
41 225 1600 85 88.7 609 0.88 
41 225 1600 90 93.7 622 0.84 
41 225 1600 95 98.6 660 0.76 
41 225 3200 10 17.4 679 0.14 
41 225 3200 20 27.5 719 0.22 
41 225 3200 30 37.4 495 0.35 
41 225 3200 40 47.4 486 0.48 
41 225 3200 50 57.4 560 0.62 
41 225 3200 60 67.4 517 0.75 
41 225 3200 70 77.4 566 0.43 
41 225 3200 80 87.4 618 0.89 
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Table B.4 (continued) 
Exoerimental Data for R-22 in 0.430 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X OutIetX h AP 
eF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) "F) 
41 225 6400 20 34.7 701 0.31 
41 225 6400 40 54.9 0 0.57 
41 225 6400 60 74.8 683 0.84 
41 225 6400 80 94.9 746 0.91 
41 225 9600 20 42.1 792 0.41 
41 225 9600 40 62.4 826 0.67 
41 225 9600 60 81.6 895 0.94 
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TableB.5 
Exnerimental Data for R-134a in 0.430 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h L1P 
eF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (Psia) 
hr) Of) 
41 75 3200 60 84.3 383 0.15 
41 150 1600 40 46.1 480 0.30 
41 150 1600 60 66.1 539 0.47 
41 150 1600 80 86.1 639 0.60 
41 150 1600 40 46.1 468 0.28 
41 150 3200 60 72.2 588 0.53 
41 150 3200 60 72.2 603 0.53 
41 150 3200 80 92.2 665 0.60 
41 150 3200 40 52.2 505 0.33 
41 150 3200 20 32.2 481 0.16 
41 150 6400 20 44.3 692 0.27 
41 150 6400 60 84.3 815 0.64 
41 150 6400 20 44.3 259 0.26 
41 150 6400 40 64.3 772 0.46 
41 150 9600 20 56.5 914 0.39 
41 150 9600 60 96.5 1012 0.72 
41 150 9600 20 56.5 946 0.37 
41 150 9600 40 76.5 1057 0.58 
41 225 1600 40 44.1 630 0.68 
41 225 3200 40 48.1 692 0.74 
41 225 6400 40 56.2 843 0.90 
41 300 1600 20 23.0 443 0.50 
41 300 3200 20 26.1 480 0.56 
41 300 3200 40 46.1 733 1.09 
41 300 6400 20 32.2 706 0.70 
41 375 1600 40 42.4 598 0.80 
41 375 3200 20 24.9 639 0.86 
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TableB.6 
Exoerimental Data for R-32/R-125 0.430 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h aP 
(OF) (klbm/ft2-hr) (Btu/hr -ft2) (%) (%) (Btu/hr-ft2-Op) (psia) 
41 150 1600 79 84.1 718 0.26 
41 150 1600 88 93.4 677 0.27 
41 150 1600 51 56.1 561 0.15 
41 150 1600 60 64.6 584 0.19 
41 150 1600 69 74.4 587 0.23 
41 150 3200 69 79.6 858 0.25 
41 150 3200 78 88.5 905 0.28 
41 150 3200 50 60.4 792 0.17 
41 150 3200 60 70.3 748 0.21 
41 150 3200 52 61.7 617 0.18 
41 150 6400 69 89.5 1096 0.30 
41 150 6400 49 69.9 1101 0.22 
41 150 6400 32 52.4 891 0.16 
41 150 9600 68 99.0 1391 0.33 
41 150 9600 49 79.6 1327 0.26 
41 150 9600 31 61.6 997 0.20 
41 225 800 32 34.1 419 0.19 
41 225 800 42 43.4 433 0.26 
41 225 800 59 60.8 489 0.42 
41 225 1600 33 36.0 552 0.21 
41 225 1600 33 36.0 533 0.20 
41 225 1600 42 44.9 517 0.26 
41 225 1600 59 62.5 565 0.43 
41 225 1600 70 73.3 599 0.54 
41 225 1600 83 85.9 653 0.62 
41 225 1600 91 94.8 694 0.58 
41 225 1600 49 52.8 698 0.34 
41 225 1600 59 62.2 709 0.42 
41 225 1600 68 71.6 735 0.52 
41 225 1600 30 33.7 657 0.18 
41 225 1600 41 43.9 595 0.26 
41 225 1600 80 83.2 734 0.61 
41 225 1600 91 94.8 787 0.59 
41 225 1600 32 35.1 506 0.20 
41 225 1600 52 55.6 598 0.37 
41 225 1600 71 74.2 695 0.55 
41 225 3200 32 38.6 709 0.22 
41 225 3200 41 48.1 676 0.30 
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Table B.6 (continued) 
Exoerimental Data for R-32/R-125 0.430 in. Smooth Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h L\P 
(oF) (klbm/ft2-hr ) (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
"F) 
41 225 3200 60 65.4 670 0.45 
41 225 3200 70 76.8 705 0.57 
41 225 3200 80 87.9 829 0.64 
41 225 3200 90 99.5 901 0.54 
41 225 3200 50 56.3 936 0.38 
41 225 3200 60 65.5 900 0.46 
41 225 3200 20 28.1 859 0.16 
41 225 3200 30 38.4 888 0.22 
41 225 3200 40 47.0 785 0.29 
41 225 3200 70 76.8 761 0.55 
41 225 3200 80 87.2 906 0.63 
41 225 3200 90 98.9 944 0.56 
41 225 3200 30 38.0 734 0.22 
41 225 3200 50 58.8 814 0.40 
41 225 3200 70 77.2 887 0.57 
41 225 6400 31 44.7 1025 0.27 
41 225 6400 40 53.3 1017 0.36 
41 225 6400 50 63.1 1050 0.45 
41 225 6400 60 83.6 1006 0.64 
41 225 6400 50 62.5 1185 0.43 
41 225 6400 30 44.7 1236 0.27 
41 225 6400 70 83.9 1088 0.60 
41 225 6400 30 46.2 1070 0.29 
41 225 6400 50 64.8 1160 0.46 
41 225 6400 70 84.6 1177 0.62 
41 225 9600 30 51.1 1266 0.34 
41 225 9600 40 60.6 1305 0.42 
41 225 9600 50 68.5 1304 0.50 
41 225 9600 70 91.8 1287 0.69 
41 225 9600 50 68.6 1475 0.48 
41 225 9600 30 50.5 1465 0.34 
41 225 9600 70 91.1 1494 0.66 
41 225 9600 30 52.4 1326 0.36 
41 225 9600 50 71.9 1356 0.53 
41 225 ,9600 70 92.8 1532 0.67 
41 300 3200 30 36.7 984 0.40 
41 300 3200 50 53.2 834 0.61 
41 300 3200 50 57.1 776 0.67 
41 300 6400 30 41.2 1323 0.46 
41 375 3200 30 35.2 843 0.56 
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Table B.7 
Exoerimental Data for R-22 in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h ~p 
eF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) "F) 
41 37.5 640 28 27.9 408 0.02 
41 37.5 640 29 28.5 412 0.02 
41 37.5 640 49 47.8 432 0.03 
41 37.5 640 68 67.4 608 0.03 
41 37.5 640 89 88.1 619 0.04 
41 37.5 960 33 32.5 378 0.02 
41 37.5 960 51 50.3 438 0.03 
41 37.5 960 71 70.4 593 0.03 
41 37.5 960 94 93.1 691 0.04 
41 37.5 1600 61 59.5 422 0.03 
41 37.5 1600 82 80.8 603 0.04 
41 75 960 27 26.6 511 0.04 
41 75 960 47. 46.7 649 0.09 
41 75 960 66 66.0 576 0.14 
41 75 960 87 86.5 847 0.15 
41 75 1600 30 29.4 505 0.04 
41 75 1600 51 50.4 684 0.09 
41 75 1600 70 69.4 602 0.14 
41 75 1600 91 90.2 879 0.15 
41 75 3200 40 38.7 681 0.06 
41 75 3200 62 60.7 521 0.12 
41 75 3200 81 749.7 690 0.15 
41 150 1600 26 25.4 520 0.19 
41 150 1600 45 45.1 932 0.37 
41 150 1600 66 65.6 1066 0.54 
41 150 1600 86 85.6 1183 0.54 
41 150 3200 71 70.4 1075 0.55 
41 150 3200 31 30.7 576 0.22 
41 150 3200 52 50.9 870 0.42 
41 150 3200 91 89.9 1248 0.54 
41 150 6400 40 39.2 729 0.29 
41 150 6400 62 60.5 975 0.51 
41 150 6400 83 81.9 1181 0.58 
41 150 9600 53 51.1 928 0.37 
41 150 9600 73 71.2 1100 0.57 
41 150 9600 93 91.2 1197 0.62 
41 150 12800 63 60.4 1120 0.47 
41 225 1600 83 82.9 1356 1.18 
41 225 1600 24 24.0 738 0.38 
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TableB.7 
Exnerimental Data for R-22 in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X OutIetX h ~p 
(oF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) op) 
41 225 1600 64 63.7 1002 1.08 
41 225 3200 28 27.2 856 0.42 
41 225 3200 48 47.1 865 0.85 
41 225 3200 87 87.1 1284 1.22 
41 225 3200 68 67.8 1010 1.14 
41 225 6400 35 33.8 848 0.54 
41 225 6400 74 73.3 1076 1.23 
41 225 6400 54 53.4 958 0.96 
41 225 9600 62 61.2 1082 1.05 
41 225 9600 43 41.3 967 0.67 
41 225 12800 49 47.4 1067 0.78 
41 375 3200 65 64.4 1232 2.61 
41 375 3200 45 44.9 975 1.90 
41 375 3200 25 24.6 790 1.05 
41 375 6400 68 67.4 1290 2.72 
41 375 6400 49 48.9 1058 2.02 
41 375 6400 29 28.4 918 1.20 
41 375 9600 32 31.7 981 1.34 
41 375 9600 74 73.4 1347 2.82 
41 375 9600 53 52.5 1133 2.16 
41 375 12800 37 36.1 1089 1.55 
125 
Table B.8 
ExoerimentaI Data for R-I34a in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h AP 
(oF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) "F) 
41 37.5 640 20 29 314 0.02 
41 37.5 640 40 49.1 321 0.03 
41 37.5 640 60 66.5 372 0.05 
41 37.5 640 80 89.2 460 0.05 
41 37.5 960 20 33 292 0.02 
41 37.5 960 40 53.4 305 0.03 
41 37.5 960 60 72.1 360 0.05 
41 37.5 960 80 89.2 484 0.05 
41 37.5 1600 20 40.6 300 0.03 
41 37.5 1600 40 60.3 303 0.04 
41 37.5 1600 60 79.7 361 0.05 
41 75 960 20 26.1 383 0.06 
41 75 960 40 47.4 582 0.12 
41 75 960 60 66.1 763 0.21 
41 75 960 80 88.2 830 0.21 
41 75 1600 20 30.5 369 0.07 
41 75 1600 40 50.1 567 0.13 
41 75 1600 60 69.6 710 0.22 
41 75 1600 80 92.6 942 0.21 
41 75 3200 20 41.7 469 0.09 
41 75 3200 40 59.8 598 0.16 
41 75 3200 60 80.7 722 0.23 
41 150 1600 20 25.7 751 0.26 
41 150 1600 40 45.6 808 0.56 
41 150 1600 80 85.4 1168 0.78 
41 150 1600 60 65.1 950 0.76 
41 150 3200 20 31.3 791 0.31 
41 150 3200 40 51.6 890 0.61 
41 150 3200 60 71.1 1103 0.80 
41 150 3200 80 90.6 1109 0.78 
41 150 3200 80 86.1 1458 1.78 
41 150 6400 20 42.4 919 0.47 
41 150 6400 40 61.7 1040 0.73 
41 150 6400 60 81.9 1139 0.83 
41 150 9600 20 52.5 10745 0.60 
41 150 9600 40 73 1140 0.80 
41 150 12800 20 62.6 1194 0.74 
41 225 1600 20 22.9 692 0.52 
41 225 1600 40 44.3 836 1.14 
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Table B.8 (continued) 
Exoerimental Data for R-I34a in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h .1P 
(oF) (klbm/ft2- (Btu/hr -ft2) (%) (%) (Btu/hr -ft2- (psia) 
hr) "F) 
41 225 3200 20 26.3 765 0.62 
41 225 3200 40 47.2 907 1.21 
41 225 3200 60 69.4 1160 1.55 
41 225 6400 20 34.6 880 0.82 
41 225 6400 40 55 1023 1.38 
41 225 6400 60 75.6 1253 1.64 
41 225 9600 20 41.3 998 0.98 
41 225 9600 40 61.9 1097 1.52 
41 225 9600 60 80.3 1320 1.77 
41 225 12800 20 48.1 1128 1.18 
41 225 16000 80 82 1356 1.77 
41 375 1600 20 22 773 1.37 
41 375 1600 40 42.2 909 2.42 
41 375 1600 60 61.7 1255 3.35 
41 375 1600 20 23.7 774 1.44 
41 375 3200 40 44.5 1023 2.57 
41 375 3200 60 63.8 1327 3.40 
41 375 6400 20 28.6 928 1.77 
41 375 6400 40 46.8 1076 2.70 
41 375 6400 60 67.8 1368 3.48 
41 375 9600 20 32.7 1075 2.03 
41 375 9600 40 52.6 1172 3.06 
41 375 9600 60 71.9 1395 3.58 
41 375 12800 20 37.2 1194 2.33 
127 
TableB.9 
Experimental Data for R-32/R-125 in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlet X h .1P 
rF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (W/m2K) (Psia) 
he) 
41 37.5 640 20 28.1 442 0.02 
41 37.5 640 40 47.7 450 0.02 
41 37.5 640 60 69.0 518 0.02 
41 37.5 640 80 88.4 599 0.03 
41 37.5 960 20 33.2 413 0.02 
41 37.5 960 40 52.6 436 0.02 
41 37.5 960 60 71.8 553 0.03 
41 37.5 960 20 93.1 633 0.03 
41 37.5 1600 40 40.3 446 0.02 
41 37.5 1600 60 60.5 492 0.02 
41 37.5 1600 60 81.6 557 0.03 
41 75 960 20 26.4 484 0.03 
41 75 960 40. 46.2 642 0.06 
41 75 960 60 66.6 890 0.09 
41 75 960 80 86.7 1076 0.11 
41 75 1600 20 30.8 590 0.04 
41 75 1600 40. 50.5 619 0.07 
41 75 1600 60 70.6 911 0.10 
41 75 1600 80 89.7 1081 0.11 
41 75 3200 20 40.9 731 0.05 
41 75 3200 40 60.7 801 0.08 
41 75 3200 60 80.7 991 0.11 
41 150 1600 20 26.0 797 0.12 
41 150 1600 40. 45.2 953 0.25 
41 150 1600 60 64.8 1104 0.38 
41 150 1600 80 85.1 1356 0.40 
41 150 3200 20 30.7 929 0.14 
41 150 3200 40 50.3 1019 0.29 
41 150 3200 60 71.4 1219 0.40 
41 150 3200 80 90.6 1466 0.39 
41 150 6400 20 40.9 1219 0.20 
41 150 6400 40 60.9 1251 0.36 
41 150 6400 60 81.7 1377 0.44 
41 150 9600 20 51.3 1407 0.27 
41 150 9600 40 70.8 1416 0.43 
41 150 9600 60 90.5 1507 0.46 
41 150 12800 20 61.4 1545 0.34 
41 225 1600 20 23.5 934 0.27 
41 225 1600 40 43.9 1000 0.53 
41 225 1600 60 63.8 1273 0.79 
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Table B.9 (continued) 
Exoerimental Data for R-321R-125 in Micro-Fin Tube 
Inlet Temp Mass Flux Heat Flux Inlet X Outlt X h .1P 
eF) (klbm/ft2- (Btu/hr-ft2) (%) (%) (Btu/hr-ft2- (psia) 
hr) "F) 
41 225 3200 20 27.4 992 0.30 
41 225 3200 40 47.2 1034 0.56 
41 225 3200 60 67.3 1204 0.82 
41 225 3200 80 87.0 1477 0.89 
41 225 6400 20 33.4 1228 0.38 
41 225 6400 40 54.1 1196 0.66 
41 225 6400 60 74.0 1322 0.87 
41 225 9600 20 40.3 1346 0.47 
41 225 9600 40 61.0 1351 0.76 
41 225 9600 60 80.7 1469 0.94 
41 225 12800 20 47.4 1538 0.56 
41 375 3200 20 24.1 944 0.66 
41 375 3200 40 43.6 1018 1.25 
41 375 3200 60 64.5 1150 1.72 
41 375 1600 60 62.6 1130 1.69 
41 375 6400 20 28.7 1117 0.78 
41 375 6400 40 48.6 1176 1.39 
41 375 6400 60 67.9 1309 1.75 
41 375 9600 20 32.7 1260 0.92 
41 375 9600 40 52.6 1273 1.54 
41 375 9600 60 73.4 1396 1.79 
41 375 12800 20 36.7 1421 1.03 
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Table B.lO 
Experimental Return Bend Pressure Drop for R-22 
with d=0.433 in. and D=3.00 in. 
Average Temp Quality Mass Flux Straight Bend Straight-
AP AP bend 
(OC) (%) (kg/m2-s) (psia) (psia) (psia) 
41 20 300 0.25 0.35 0.10 
41 30 300 0.43 0.59 0.17 
41 40 225 0.38 0.48 0.11 
41 60 150 0.27 0.35 0.07 
41 70 150 0.33 0.41 0.08 
41 50 225 0.52 0.66 0.14 
41 40 300 0.63 0.85 0.22 
41 50 300 0.85 1.15 0.29 
41 70 225 0.76 0.95 0.19 
41 60 225 0.64 0.82 0.18 
41 60 300 0.97 1.26 0.29 
41 50 300 0.83 0.28 0.29 
41 80 225 0.79 1.00 0.21 
41 70 225 0.77 0.98 0.20 
41 90 150 0.37 0.46 0.09 
41 80 150 0.37 0.46 0.09 
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Table B.ll 
Experimental Return Bend Pressure Drop for R-22 
with d=0.315 in. and 0=1.87 in. 
Average Temp Quality Mass Flux Straight Bend Straight-
LlP LlP bend 
("C) (%) (kg/m2-s) (psia) (psia) (psia) 
41 50 300 1.43 1.73 0.30 
41 70 225 1.12 1.35 0.23 
41 90 150 0.53 0.63 0.10 
41 40 300 1.16 1.32 0.16 
41 60 300 1.70 2.02 0.31 
41 80 225 1.17 1.39 0.22 
41 90 225 1.12 1.29 0.16 
41 80 150 0.57 0.64 0.08 
41 70 150 0.53 0.61 0.08 
41 60 225 1.00 1.16 0.16 
41 50 225 0.87 1.01 0.15 
41 30 300 0.77 0.95 0.18 
41 60 150 0.45 0.52 0.07 
41 30 225 0.42 0.51 0.09 
41 20 300 0.44 0.51 0.07 
41 100 300 1.58 1.68 0.10 
41 90 300 1.92 2.27 0.35 
41 80 300 1.93 2.34 0.41 
41 70 300 1.82 2.23 0.41 
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TableB.12 
Experimental Return Bend Pressure Drop for R-22 
with d=0.315 in. and 0=3.00 in. 
Average Temp Quality Mass Flux Straight Bend Straight-
AP AP bend 
(OC) (%) (kg/m2-s) (psia) (Psia) (psia) 
59 60 300 1.22 1.38 0.16 
59 80 225 0.88 0.97 0.09 
59 60 225 0.70 0.78 0.07 
59 40 300 0.81 0.90 0.08 
59 80 150 0.40 0.43 0.03 
41 40 300 1.16 1.30 0.14 
41 50 225 0.87 0.96 0.10 
41 30 300 0.77 0.90 0.13 
41 90 300 1.92 2.23 0.31 
41 100 300 1.58 1.66 0.08 
41 80 300 1.93 2.36 0.34 
41 90 225 1.12 1.28 0.16 
41 80 225 1.17 1.35 0.18 
41 70 225 1.12 1.30 0.18 
41 50 300 1.43 1.64 0.22 
41 70 300 1.82 2.16 0.34 
41 60 300 1.70 1.88 0.23 
41 60 225 1.00 1.13 0.13 
23 60 300 2.08 2.48 0.40 
23 80 225 1.53 1.77 0.24 
23 60 225 1.35 1.57 0.21 
23 40 300 1.55 1.78 0.23 
23 40 225 0.95 1.03 0.08 
23 20 300 0.67 0.75 0.09 
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Appendix C 
True Basic Code for Simulation 
This appendix contains a listing of the True Basic code used in the computer simulation and optimization. 
1******************************************************************************** 
!Evaporator simulation program. This program uses the correlations of Wattelet 
land Souza to model an evaporator. 
1******************************************************************************** 
declare def mul !liquid viscosity 
declare def muv I vapor viscosity 
declare def rhol !liquid density 
declare def rhov Ivapor density 
declare defld !liquid conductivity 
declare def cpl lliquid specific heat 
declare defPr IPrandlt numbet 
declare def Pred lreduce pressure 
declare defPsat IPsat(T) 
declare def Tsat ITsat(p) 
declare def third Ithird degree polynomial 
declare def xtt !lockhart-martinelli parameter 
declare defRe Ireynolds number 
declare def hlg ! heat of vaporization 
declare defhl I sat. liquid enthalpy 
declare def MW I molecular weight 
public rtype Irefrigerant type R-22=>22; R-134a=>134; R-32/R-125=>32125 
1*****************************Main Program*************************************** 
let dl=.05 ldiscrete length [m] 
let tair=25 lair temperature rOC] 
let Rair=O.027 lair side resistance [K-m/W] 
let mdot=.0187 Imass flow rate [kgls] 
let d=8.9 !inside tube diameter [mm] 
let rtype=22 Irefrigerant 22=>R-22; 134=>R-134a; 32125=>R-32/R-125 
1******************************************************************************** 
call input( tout,tcond,xinfinal,xout,D ,G ,mdot,fr) 
let xoutfinal=xout I set final condition 
let t=tout I set final condition 
let pout=psat(t) lset final condition 
let count=O !initialize variable 
let totalDp=O linitialize variable 
let totaldpacc=O I initialize variable 
let totaldpfric=O !initialize variable 
do Imain loop 
let z=O lerror flag 
call HTrans(t,tair,Rair,xin,xout,D,dl,G,mdot,fr,htp,qpp) Icalc. local HTC 
call PDropAcc(t,xin,xout,G,dpacc) Icalc. accel. dP 
call PDropFric(t,xin,xout,G,D,fr,dl,dpfric) Icalc. friction dP 
let totaldpacc=totaldpacc+dpacc 
let totaldpfric=totaldpfric+dpfric 
let xout=xin 
let totalDp=dpacc+dpfric 
let pin=poutHotalDp 
let tin=tsat(pin) 
if tin>tair then 
call error(z) 
exit do 
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end if 
let hin=hl(tin)+xin*hlg(tin) 
let t=tin 
let pout=pin 
let count=count+ 1 
loop until xin<xinfinal 
!***************************()utput********************************************* 
ifz=O then 
let length=count*dl 
let xinfinalcalc=(hin-hl( tin »/hlg( tin) 
let hout=hl( tout)+ xoutfmal *hlg( tout) 
let qr=mdot*(hout-hin) 
let tmean=(tout+tin)/2 
let dPP=Pin-Psat(tout) 
print" D mdot qr Tin Xin Xout Dp tot Dp tot Length" 
print "(mm) kg/s (W) (C) (%) (%) (kPa) caC) (m)" 
let format$="##.# #.### ##.## ###.# ###.# ###.# ###.## ###.## ##.##" 
print using format$: D* l000,mdot,qr,tin,xinfinalcalc* l00,xoutfinal* l00,dPP,tin-tout,length 
end if 
!******************************************************************************** 
sub lITrans(t,tair,Rair,xin,xout,D,dl,G,mdot,fr,htp,qnew) !iterative solution for local lITe 
let dt=tair-t 
let qnew=15000 !guess heat flux 
Do 
call HeatTrans(t,xout,D,G,qnew,fr,htp) !local lITe 
let qold=qnew 
let Rref=l/htp/pi/D 
let QP=dt/(Rref+Rair) 
let qnew=qp/pi/D 
loop until abs(qnew-qold)<O.OI 
let xin=xout-qnew/l000*dl*pi*D/mdot/hlg(t) 
end sub 
!********************************************************************************* 
sub HeatTrans(t,x,D,G,q,fr,htp) ruses Wattelet correlation to determine local lITe 
if fr<0.25 then 
let f=1.32*frJ\().2 
else 
let f=1 
end if 
let hlo=O.023 *kl( t)/D* (G*D* (1-x)/mul( t»J\().8* (mul( t)*cpl( t)* 1 OOO/kl( t) )J\().4 
let hcb=hlo*(1 + 1.925/xtt(t,x)J\().83)*f 
let hnb=55/MW(t)J\().5*qJ\().67*pred(t)J\Q.I2!(-loglO(pred(t»)J\().55 
let htp=«(1.133*frJ\().077*hnb )1\2.5+(1.313*f£,,( -0.383)*hcb )1\2.5)"(1/2.5) 
end sub 
!********************************************************************************* 
sub PDropFric(t,xin,xout,G,D,fr,dl,dpfric) ruses souza correlation to determine local L\P 
if fr<0.7 then 
let cl=4.172+5.48*fr-1.564*frI\2 
let c2= 1.773-0. 169*fr 
else 
let cl=7.242 
let c2= 1.655 
end if 
let PF=1.2 
let tLC>=O.079/Re(G,t,D)J\().25 
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let dplo:=2*tLO*GA2*d1/rhol(t)/D 
let philo2=(1.376+c 1 *xtt(t,(xin+xout)/2)A( -c2»*(1-(xin+xout)/2)1\ 1.75 
let dpfric=PF*dplo*phil02l1000 
end sub 
1********************************************************************************* 
sub PDropAcc(t,xin,xout,G,dpacc) lacceleration pressure drop calculation 
let alphain=1!(1+(1-xin)/xin*(rhov(t)/rhol(t»I\{}.67) 
let alphaout=l!( 1 +(1-xout)/xout*(rhov(t)/rhol(t»)I\().67) 
let out=xoutl\2/rhov(t)/alphaout+(I-xout)A2/rhol(t)/(1-alphaout) 
let in=xinI\2/rhov(t)/alphain+(1-xin)A2/rhol(t)/(1-alphain) 
let dPacc=G1\2*(out-in)/lOOO 
end sub 
1********************************************************************************* 
sub input(t,tcond,xin,xout,D,G,mdot,fr) 
let t=5 1 evaporation temperature 
let xin=.2 1 inlet quality 
let xout=l loutlet quality 
let d=d/1000 
let G=mdot/lY'2/pi*4 Imass flux 
let fr=GJ'2/rhol(t)A2I9.81/D Ifroud numlx-x 
end sub 
1****************************************************************************** 
sub error(z) 
print "***************************WARNING******************** ****************" 
letz=l 
end sub 
!******************************************************************************** 
def Re(G,t,D) 
let Re=G*D/mul(t) 
enddef 
1****************************************************************************** 
def third(t,const,x1,x2,x3) 
let third=eonst+x 1 *t+x2*tI\2+x3*tI\3 
enddef 
1****************************************************************************** 
defTsat(p) 
select case rtype 
case 134 
let tsat=third(p,-45.861,.23613,-3.326Oe-4,2.1193e-7) 
case 32125 
let tsat=third(p,-51.844,9.4007e-2,-4.6708e-5,1.0812e-8) 
case 22 
let tsat=third(p,-50.224,O.15192,-1.2628e-4,4.8582e-8) 
case else 
print "A valid refrigerant was not chosen .... execution terminatedl" 
stop 
end select 
enddef 
1****************************************************************************** 
defhlg(t) 
select case rtype 
case 134 
let hlg=third(t,197.43,-O.75233,-3.1578e-3,-5.0438e-6) 
case 32125 
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let hlg=third(t,236.99,-1.0545,-5.697e-3,-3.9057e-5) 
case 22 
let hlg=third(t,205.37,-0.80732,-3.2046e-3,-1.237e-5) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defhl(t) 
select case rtype 
case 134 
let hl=third(t,49.174,1.3161,2.08e-3,-1.7643e-6) 
case 32125 
let hl=third(t,55.496,1.4332,2.3593e-3,2.4242e-5) 
case 22 
let hl=third(t,44.586, 1.1722, 1.5332e-3,3.4276e-6) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defslg(t) 
select case rtype 
case 134 
let slg=third(t,0.7278,-5.4446e-3,-1.074ge-5,-8.9562e-8) 
case 32125 
let slg=third(t,.82530,-6.59ge-3,5.5576e-6,-1.690ge-7) 
case 22 
let slg=third(t,.75194,-5.7306e-3,9.0043e-6,1.3468e-8) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defsl(t) 
select case rtype 
case 134 
let sl=third( t,O.2034 3,4 .88ge-3,-4.04 33e-6,2.8283e-8) 
case 32125 
let sl=third(t,.2488,4.6431e-3,-1.168e-6,6.4714e-8) 
case 22 
let sl=third(t,.17495,4.2274e-3,-2.3810e-6,5.3872e-8) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defxtt(t,x) 
let xtt=((1-x)/x),,0.875*(rhov(t)/rhol(t»)"O.5*(muI(t)!muv(t»"O.125 
enddef 
!****************************************************************************** 
defPred(t) 
select case rtype 
case 134 
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let pcrit=4067 
case 32125 
let pcrit=5055.2 
case 22 
let pcrit=5054 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
let Pred=Psat(t)!pcrit 
enddef 
!****************************************************************************** 
defpsat(t) 
select case rtype 
case 134 
let psat=third(t,293.00,1O.618,O.14899,9.1044e-4) 
case 32125 
let psat=third(t,826.91,25.912,.30604,1.6246e-3) 
case 22 
let psat=third(t,497.4, 16.212,.19943, 1.0251e-3) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defmul(t) 
select case rtype 
case 134 
let mul=third(t,2.87e-4,-3.5805e-6,3.0693e-8,-3.356ge-l0) 
case 32125 
let mul=third(t,2.0994e-4,-2.3554e-6,3.6078e-9,-7.7441e-12) 
case 22 
let mul=third(t,2.3245e-4,-1.3855e-6,1.5325e-8,-9.4276e-ll) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defmuv(t) 
select case rtype 
case 134 
let muv=third(t,I.0934e-5,4.7256e-8,1.9481e-l0,-5.3872e-12) 
case 32125 
let muv=third(t,1. 181e-5,4.9812e-8,2.3965e-1O,3. 1448e-12) 
case 22 
let muv=third(t,1.2077e-5,5.2391e-8,7 .3593e-ll,4. 7138e-12) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defrhol(t) 
select case rtype 
case 134 
let rhol=third(t,1295.2,-3.2954,-7.5416e-3,-4.7071e-5) 
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case 32125 
let rhol=third(t,1165. 7 ,-3.6186,-1.9848e-2,-1.0976e-4) 
case 22 
let rhol=third(t,1284.8, -3 .3936,-8.4552e-3,-5 .066e-5) 
case else 
print" A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defrhov(t) 
select case rtype 
case 134 
let rhov=third(t, 14.527,.50854,7.2126e-3,5. 1852e-5) 
case 32125 
let rhov=third(t,28.288,.87908,1. 1452e-2,8.6923e-5) 
case 22 
let rhov=third(t,21.21,.66942,8.4987e-3,5.6788e-5) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defld(t) 
select case rtype 
case 134 
let ld=third(t,9.3372e-2,-5.6535e-4,-I.645e-7 ,5.6566e-8) 
case 32125 
let kl=third(t,.11877,-7.7231e-4,-2.9411e-6,7.6094e-9) 
case 22 
let ld=third(t,.10029,-5.e-4,-4.32ge-7,O) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defcpl(t) 
select case rtype 
case 134 
let cpl=third(t,I.314,4.1436e-3,-5.4113e-6,1.3468e-7) 
case 32125 
let cpl=third( 1, 1.303,8.7327 e-4 ,2. 1294e-5 ,1.6633e-7) 
case 22 
let cpl=third(t,l.1707,3.0224e-3,1.0563e-5,1.952ge-7) 
case else 
print "A valid refrigerant was not chosen .... execution terminated!" 
stop 
end select 
enddef 
!****************************************************************************** 
defMW(t) 
select case rtype 
case 134 
let MW=102.03 
case 32125 
let MW=67.26 
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case 22 
let MW=86.47 
case else 
print" A valid refrigerant was not chosen ••.. execution terminated!" 
SlOp 
end select 
enddef 
! ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• ***.******* 
defPr(t) 
let pr=cpI(t)*mul(t)Ikl(t) 
enddef 
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